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IMPROVED FUNCTIONAL PROPERTIES AND HEALTH BENEFITS OF 
WHEY PROTEIN BY INTERACTION WITH POLYSACCHARIDES 
 
Sha Zhang 
Dr. Bongkosh Vardhanabhuti Dissertation supervisor 
ABSTRACT 
The dramatic increase in whey protein utilization in the food industry is due to its 
excellent functional properties and nutritional values. This study aimed to improve 
functionality and health benefits of whey protein by interaction with polysaccharides. 
In the first section, whey protein/pectin heated soluble complex was made by heating 
the two biopolymers together at near neutral pH. Conformational changes of protein 
during complex formation were investigated by Raman, which showed that heat 
stability of whey protein was enhanced by forming a soluble complex, mainly because 
pectin was able to stabilize the secondary structures and further altered the heat 
aggregation of protein. Acid-induced gelation properties of heated whey 
protein/pectin soluble complex were then investigated. Gel properties were greatly 
influenced by the charge density of pectin, initial pH of the complex and biopolymer 
ratio. The results demonstrated the benefits of heated whey protein-pectin soluble 
complex in improving acid-induced gelation properties of whey protein. Complex 
gels showed smoother gel network with lower phase separation, enhanced gel strength 
and water holding capacity. In the second section, in vitro gastric behavior of whey 
protein/polysaccharide mixed system was investigated, and its potential in promoting 
satiety and control blood glucose was discussed. Various polysaccharides were 
chosen to form heated complexes with whey protein at different biopolymer ratio and 
at neutral pH. Upon mixing with simulated gastric fluid (SGF), intragastric gelation 
 xvi
was observed for polysaccharides with negative charges, while no gelation occurred 
for neutral polysaccharides. The mechanism behind self-assembled intragastric 
gelation is believed to be the cross-linking between oppositely charged protein and 
polysaccharides when pH was reduced below the pI of the protein. Intragastric 
gelation was influenced by biopolymer ratio, biopolymer concentration, charge 
density of the polysaccharide, initial pH of the sample, and pH of the SGF. Higher 
biopolymer ratio and concentration, lower initial pH of the sample and SGF, and 
higher charge density of the polysaccharides resulted in stronger gel with slower 
degradation rate, which could potentially be used to delay gastric emptying and 
promote satiety. Slow release of sugar from the matrix was also observed upon 
intragastric gelation, which could lead to formulation of whey protein beverage with 
promoted satiety and lowered postprandial glycemic response.  The knowledge gained 
from this study indicates a great potential of using whey protein/polysaccharide 
interaction to improve functional properties and health benefits of whey protein.
 1
CHAPTER 1 
INTRODUCTION 
1.1 Whey protein 
Whey protein used to be a by-product of cheese manufacture. In recent years it has 
become a major food ingredient in food products due to its excellent functional 
properties and nutritional values. Commercial whey protein products usually come 
from three types of whey: sweet whey, acid whey and salted whey. Sweet and acid 
whey arise from the manufacture of rennet and acid coagulated cheeses and casein, 
respectively, while salted whey is mainly produced Egypt from the manufacture of 
Domiati cheese (Abd El-Salam and others 2009). Whey protein is typically a mixture 
of globular proteins with 65% β-lactoglobulin, 25% α-lactalbumin, 8% bovine serum 
albumin and immunoglobulin. Whey protein isolate (WPI), whey protein concentrate 
(WPC), and whey protein hydrolysate (WPH), differing mainly in protein content and 
protein composition, are the three major forms of whey protein available in the 
market. WPC contains 35% to 89% protein depending on the product, while WPI is 
the purest and most concentrated whey protein product containing over 90% protein. 
WPH is the predigested, partially hydrolyzed whey proteins rich in bioactive peptides. 
1.2 Functional properties of whey protein/polysaccharides 
Whey protein provides various functions in food applications including foaming, 
gelation, emulsification, solubility, and viscosity development. The functional 
properties of whey protein can be improved by protein structural modification and/or 
interaction with other food components. Protein/polysaccharide interaction, which is 
usually electrostatic in nature, has a broad potential in designing functionality for 
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specific applications in food products. Addition of polysaccharides: (i) improves heat 
stability of whey protein by altering protein aggregation (Ibanoglu 2005; 
Vardhanabhuti and Allen Foegeding 2008; Jiménez-Castaño and others 2005); (ii) 
enhances the interfacial properties of whey protein by forming a homogenous and 
thick layer around oil droplet or air bubble (Benichou and others 2002; Miquelim and 
others 2010; Dickinson 2008); (iii) altering heat-induced gelation properties of whey 
protein by incorporating in protein gel network (Turgeon and Beaulieu 2001; Çakır 
and Foegeding 2011; de Jong and others 2009). Through controlling environmental 
and processing conditions, desired protein functionality could be obtained by 
interaction with polysaccharides. 
Heating whey protein and polysaccharide together at pH above the pI of the protein 
results in soluble complex formation. Although both protein and polysaccharide carry 
net negative charges, the positively charged patch on protein residues interact with 
anionic polysaccharides, altering protein aggregation and further modifying protein 
functionality (Girard and others 2003). Although it has been reported that soluble 
complex formation improved heat stability of whey protein by altering protein 
aggregation during heating (Vardhanabhuti and Allen Foegeding 2008), a few studies 
have been carried out at the molecular level to investigate the structural changes of 
protein during soluble complex formation. Hence, the first section of this study is to 
use Raman spectroscopy to investigate the conformational changes of whey protein 
upon forming soluble complex with polysaccharides at near neural pH. Furthermore, 
compared to heating the biopolymers separately (no soluble complex formation), the 
functional properties of soluble complex can be improved due to enhanced interaction 
between protein and polysaccharides. For example, limited interaction between the 
biopolymers is responsible for the micro-phase separated structure of acid-induced 
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gelation of whey protein/polysaccharide mixture (de Jong and others 2009). 
Enhancing the electrostatic interactions is likely to improve the gelation properties of 
the mixture. However, to the best of our knowledge, no study has determined the 
functional properties of heated soluble complex. In the first section of this 
dissertation, acid-induced gelation properties of whey protein/polysaccharide soluble 
complex were also investigated. 
1.3 Gastric behavior of whey protein/polysaccharides 
The other reason why there is a drastic increase in whey protein consumption and 
utilization is due to its excellent nutritional values. Whey protein has a strong position 
in the sports nutrition market because research have demonstrated its ability to 
promote whole body and muscle protein synthesis. Other research explore health 
benefits of whey protein beyond muscle anabolism, such as modulating adiposity, 
enhancing immune function, and anti-oxidant activity (Ha and Zemel 2003). With 
obesity becoming a major health problem leading to serious comorbidities such as 
diabetes, cardiovascular disease, and cancer, using high protein diet approach to 
control food intake has gained a great interest recently (Veldhorst and others 2008). 
Research has found that the effect of whey protein on reducing food intake is stronger 
than other proteins, such as casein, soy protein and egg albumin (Anderson and others 
2004). Although the mechanism of whey protein in regulation of weight management 
has not yet been well established, there are substantial evidences that whey protein 
increases satiation and satiety, reduces short-term food intake, and activates many 
components of the food intake regulatory system (Luhovyy and others 2007).  
Most of the studies investigating satiety of whey protein focused on effect of dose, 
duration to next meal, formulation of the treatment, and the presence of GMP on 
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sensation ratings, satiety hormone release, and food intake. Little attention has been 
given to the effect of presence of polysaccharides in whey protein on appetite control. 
Some polysaccharides, as dietary fibers, have proven to play significant roles in 
appetite control and weight management, not only attributed to lowering the energy 
density of foods, but also increasing the viscosity of the digesta. Considering the 
electrostatic interactions between protein and polysaccharides under certain 
conditions, the digestibility and digestion profile of protein could be significantly 
altered by the presence of polysaccharides, which might further influence the satiety 
properties of whey protein. In this dissertation, the gastric behavior of protein and 
polysaccharide mixture was then investigated under simulated gastric conditions, and 
its implications in enhancing the health benefits of whey protein were discussed.  
The objectives of this study were: 
i. Investigate the structural changes of whey protein upon soluble complex 
formation with polysaccharide at near neutral pH; 
ii. Evaluate the application of whey protein/polysaccharide soluble complex in 
acid-induced gelation of whey protein to improve gelation properties of whey 
protein; 
iii. Investigate the gastric behavior of whey protein/polysaccharide mixture, and 
its implication in inducing satiety and controlling sugar release. 
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CHAPTER 2 
LITERATURE REVIEW 
2.1 Protein/polysaccharide interaction 
Protein and polysaccharides are present together in many foods, contributing to the 
textural and structural characteristics of food colloid systems through their gelling, 
emulsification, and interfacial properties. The interaction between protein and 
polysaccharides is usually electrostatic driven, attractive or repulsive, depending on 
the nature of the biopolymer and the environmental conditions. The following 
discussed the situation where biopolymers interact in solution. 
Mixing protein and polysaccharide together could lead to three phenomena, 
incompatibility (the biopolymers repel each other into two phases), co-soluble (the 
biopolymers have little interactions), or complexation (the biopolymers attract to one 
another) (Doublier and others 2000). In a very diluted system, the mixture of protein 
and polysaccharides is stable due to the mixing entropy and the biopolymers are co-
soluble. Upon increasing the concentration of the biopolymer, the system becomes 
unstable, either incompatible or attraction. When attractive interaction occurs between 
protein and polysaccharide, polysaccharide molecules adsorb onto the protein 
surfaces, bridging two or more protein molecules, thus forming insoluble complex. 
Some other polysaccharides do not adsorb onto the protein surface; however, 
incompatibility leads to attractions between protein molecules, which eventually 
results in phase separation. There are many factors affecting the interaction between 
protein and polysaccharides, including pH, ionic strength, temperature, biopolymer 
ratio and concentration. Through its role in ionization of protein and polysaccharides, 
pH is the most significant factor that determines protein/polysaccharide interaction. 
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For example, the optimum complex formation has been found when protein and 
polysaccharide are mixed at pH near pI of the protein (Chourpa and others 2006; 
Girard and others 2003; Weinbreck and others 2003b; Jiménez-Alvarado and others 
2009) 
Nonetheless, even at near neutral pH, protein/polysaccharide soluble complex could 
be formed by heating biopolymers together. Although both protein and 
polysaccharide carry net negative charges at pH above the pI of the protein, the 
positively charged patches on protein interact with anionic polysaccharides. The 
resulting heated soluble complex differs in size and shape compared to heated protein 
aggregates. It has been reported that the molecular weight of whey protein aggregates 
formed in the presence of κ-carrageenan were lower than the aggregates formed in 
whey protein solution heated in the absence of κ-carrageenan (De la Fuente and others 
2004). Beaulieu and others (2005) found that low methylester (LM) pectin has a 
protective effect on whey protein during heating, resulting in complex with smaller 
molecular weight than heated whey protein aggregates. During complex formation at 
near neutral pH, significant difference in the extent of interactions between protein 
and polysaccharides could be obtained by heating the biopolymers together at slightly 
different pH. For example, dextran sulfate altered heat aggregation of β-lactoglobulin 
(β-LG) at pH 5.8 and 6.0 but not at pH 6.2 (Vardhanabhuti and others 2009). 
2.2 Acid-induced gelation of whey protein/polysaccharides 
Gelation is an important property of whey protein, which has various applications in 
food industry to obtain desirable sensory and textural properties of foods. 
Traditionally, gelation is achieved by heating, where whey protein molecules partially 
unfold under temperature higher than 65 oC, followed by an aggregation to form a 
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three-dimensional network that entraps water (Foegeding and others 2002). Whey 
protein is also a cold gelling ingredient, which is capable of forming gel at ambient 
temperature. Essentially, whey proteins are subjected to heating where they partially 
unfold but do not yield a gel, and then gelation is induced by increasing the salt 
content or by adjusting the pH to reduce the electrostatic repulsion between protein 
aggregates (Alting and others 2004a).  
Polysaccharides have been incorporated into acid-induced whey protein gel to modify 
gel properties. Cold-set protein/polysaccharides mixed gel offer unique opportunities 
in developing food products with well-defined textural properties at ambient 
temperature. The structural characteristics of the mixed gel are governed by the 
balance between protein-protein and protein-polysaccharides interactions. Studies 
demonstrated that the microstructure of the mixed gels is a consequence of the 
competition between simultaneous gelation of the protein and the phase separation 
between protein and polysaccharides (de Jong and others 2009). Four different types 
of microstructure of mixed gels have been observed: homogeneous, coarse stranded, 
protein continuous and bicontinuous, depending on the nature of the polysaccharide, 
biopolymer ratio, and acidification rate (Van den Berg and others 2007; Van den Berg 
and others 2009a).  
Acid-induced gel of protein/polysaccharide is usually formed by addition of glucono-
δ-lactone (GDL), a slow release acidifier that ensures a progressive and continuous 
decrease of pH to near the pI of the protein. Studies have shown that the acidification 
rate is very important in governing the final gel microstructure, because the 
microstructure of gel is a result of simultaneous phase separation and gelation 
process, which is affected by the rate of gelation (de Jong and others 2009). Slow 
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acidification rate results in discontinuous structure and weak network due to the 
predominance of phase separation during gel formation, while high acidification rate 
leads to less porous structure and stronger gel because gelation prevails over phase 
separation (Cavallieri and Cunha 2009).  
One of the most important factors that determine protein/polysaccharide cold-set gel 
properties is the charge density of the polysaccharides. de Jong and van de Velde 
(2007) divided polysaccharides into three categories according to their charge density: 
below 0.3, between 0.3 – 0.7, and above 0.7 mol negative charge/mol of 
monosaccharide. Polysaccharides with charge density ranging from neutral to 1 mol 
negative charge/mol of monosaccharide were chosen to investigate its ability to alter 
the microstructure of acid-induced whey protein gels.  Protein continuous and 
bicontinuous microstructures were formed by polysaccharides with a low charge 
density; coarse stranded microstructures were produced by polysaccharides with an 
intermediate charge density; homogeneous microstructures were formed by 
polysaccharides with a high charge density. Another study looked into the structural 
features of the mixed gel consisting of whey protein and different charged 
polysaccharides, which showed that neutral polysaccharides were only present in the 
serum phase because they did not interact with protein, while negatively charged 
polysaccharides interacted with protein and distributed in the protein phase, and 
polysaccharides with a higher charge density were more homogeneously distributed 
within the protein phase. (Van den Berg and others 2009a).  
The concentration of polysaccharides is essential in determining gelation properties. 
For low and intermediate charged polysaccharides, the microstructure of gels is phase 
separated. Increasing polysaccharide concentrations results in more pronounced phase 
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separation and coarse protein network, and higher concentrations leads to phase 
inversion of the continuous network from protein to polysaccharides. At gellan 
concentration of 0.025% the microstructural features of whey protein/gellan gels are 
comparable to whey protein alone gels, while increasing gellan concentrations to 
0.04% results in a high extent of phase separation (Van den Berg and others 2009a). 
With regard to highly charged polysaccharides, they interact with protein at an earlier 
stage during gelation, leading to lower extent of phase separation and more evenly 
distributed polysaccharides in the protein phase. Studies reported that no effect of 
carrageenan concentration on the microstructure of the gel at length scale above 0.5 
µm (de Jong and van de Velde 2007). However, other studies found that an increase 
of the pectin concentration from 0.06% to 0.09% led to a higher extent of phase 
separation. This may be because other molecular properties of the polysaccharides, 
such as the molecular weight and the chain stiffness also played a role in the gelation 
process (de Jong and van de Velde 2007).  
2.3 Satiety of whey protein 
Convincing evidence exists that high protein diets increase greater satiety when 
compared to isoenergetic carbohydrate or fat diets from both animal models and 
human clinical trials. Animal models provided important theoretical understanding of 
the mechanisms of dietary pattern affecting food intake. The most commonly used 
animal models in protein and weight management studies are mice and pigs, either 
normal weight or diet-induced obesity. Both animal-based experiments and clinical 
trials have shown that protein induced satiety is acutely, with single meals, with 
contents of 25-81% of energy from mixed protein or specific proteins (Veldhorst and 
others 2008). In rats, protein was shown to be more satiating than carbohydrate when 
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the proportion was 35-50% (Bensaı̈d and others 2002). In humans, a stronger short-
term satiety effect of protein, compared with that of fat and carbohydrate, has been 
shown by the delay time when food is requested after protein beverage preload 
(Anderson and Moore 2004). 
Based on animal-based experiments and clinical trials, the effect of protein on satiety 
is source dependent (Aoyama and others 2000; Hall and others 2003; Dunshea and 
Cox 2008; Huang and others 2008; Veldhorst and others 2009; Pal and Ellis 2010). 
Despite the dose, form (liquid vs. solid), quality of the protein, duration to next meal, 
subjective (normal weight vs. obese), and the presence or absence of other 
macronutrients used in the studies, whey protein in some studies has shown to be 
more effective in inducing satiety and reducing body fat content when compared with 
casein, egg albumin and red meat proteins(Yu and others 2009; Huang and others 
2008; Veldhorst and others 2009; Anderson and others 2004). However, these results 
could not be replicated by others. Bowen et al. (Bowen and others 2006) found no 
differences in postprandial responses after a whey, soy, or gluten protein preload. 
Lang et al. (Lang and others 1998) did not observe significant differences in satiety 
over 24 h after a test lunch with casein, gelatin or soy protein. The problem of this 
study is that the test meals always contain more than one type of protein, which makes 
them not completely representative of the actual protein being investigated. Also, the 
protein meals contain soy fiber, which could have some influence on the results. As a 
result, the design of study is very important in determining which protein is more 
satiating. The method of investigation of satiety used in most of the studies, such as 
visual analogue scale (VAS) which use of a 100 mm line to collect satiety ratings 
(Mourao and others 2007; Borzoei and others 2006; Flint and others 2000), is an 
effective way to quantify the results. However, there are still a lot of variables that 
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may influence the outcome (Stubbs and others 2000), such as subjects’ prior 
experiences, timing of meal, choices of food offered, interval between protein 
beverage preload and lunch, and so on. Methodological differences between each 
study may help to explain the varied results observed in trials investigating the effects 
of whey protein on satiety. 
2.4 In vitro digestion of whey protein/polysaccharides 
The increase in food related health issues has increased the interest in understanding 
how food is digested in gastrointestinal (GI) tract. The digestion behavior of protein 
has gained much interest in recent years not only because it is the most satiating 
macronutrients, but also due to the rise in food allergy caused by certain types of 
protein allergens (Mackie and Macierzanka 2010). Protein digestion is highly 
impacted by several factors, including gastric conditions (pH, enzyme activity, and 
physiological surfactants), protein structure, and the presence of other food 
components in the gastrointestinal (GI) tract. The intragastric pH in healthy subjects is 
in the 1.3 to 2.5 range, and the pH can increase to a 4.5 to 5.8 range after eating; 
however, with the secretion of gastric juice, the pH of the stomach decreases within 1 
h after eating (Kong and Singh 2008). The pH of the stomach further affects the 
activity of pepsin, which is the main protease in the stomach. With regard to the 
protein structure on its digestion properties, numerous studies have shown that 
structural changes of protein induced by food processing have significant effect on the 
rates and patterns of proteolysis. It has been reported that thermal treatment of β-
lactoglobulin caused partial unfolding of the protein and consequently an increased 
rate of proteolysis, due to enhanced accessibility of specific peptide bonds to the 
enzymes (Peram and others 2013; O’Loughlin and others 2012b).  
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Polysaccharides are used in protein beverage as stabilizer and thickener, and the effect 
of polysaccharides on digestion properties of whey protein has been investigated. 
Addition of gum Arabic, low methoxy pectin and xylan increased the nitrogen release 
during proteolysis due to increased solubility of β-lactoglobulin caused by the 
formation of electrostatic complexes between protein and polysaccharides (Villaume 
and others 2004; Nacer S and others 2004). However, the addition of pectin in heated 
β-lactoglobulin decreased the degradation rate of protein, probably induced by local 
protein-pectin interactions, which decreased the accessibility of cleavage sites to 
pepsin (Peyron and others 2006). Another study using kiwi protein also showed that 
addition of apple fruit pectin was able to protect kiwi allergen from pepsin digestion 
(Polovic and others 2007). However, in these studies, the effect of polysaccharides on 
digestion properties of protein is assessed in vey diluted system, which might 
overlook the intragastric gelation properties of the polysaccharides. It has been 
reported that certain types of polysaccharides can form intragastric gel at certain 
concentrations, which would delay the degradation of foods in the stomach (Hoad and 
others 2004; Kristensen and Jensen 2011). By using a high viscous polysaccharide 
solution that will gel on contact with the gastric acid, gastric emptying was 
significantly delayed, hence, promote satiety and reduce subsequent food intake. 
However, this approach is not very practical since it has adverse effect on the 
enjoyment of the food. If using protein and polysaccharide mixed system, considering 
the oppositely charged protein and polysaccharides when the mixture contact with 
gastric acid, it is highly possible that aggregation could occur, which might increase 
the viscosity of the meal or even lead to gelation. To the best knowledge of the author, 
such phenomenon was never reported before. 
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CHAPTER 3 
RAMAN SPECTROSCOPIC CHARACTERIZATION OF STRUCTURAL 
CHANGES IN HEATED WHEY PROTEIN ISOLATE UPON SOLUBLE 
COMPLEX FORMATION WITH PECTIN AT NEAR NEUTRAL PH 
 
3.1 Introduction 
Complex of proteins and polysaccharides are mostly driven by electrostatic 
interactions between two oppositely charged biopolymers. When proteins and 
polysaccharides were mixed at pH values near or below the isoelectric point (pI) of 
protein, complex is formed for several protein/polysaccharide systems, such as β-
lactoglobulin/acacia gum, β-lactoglobulin/ pectin, soy protein isolate/acacia gum, and 
whey proteins/exopolysaccharide (Girard and others 2003; Weinbreck and others 
2003b; Mekhloufi and others 2005; Chourpa and others 2006; Klemmer and others 
2011). The mechanism is believed to be a pH-induced two-step structure-forming 
event associated with the formation of soluble and insoluble complex (Turgeon and 
others 2007a). A soluble complex formed at the critical pH firstly, and then insoluble 
complexes and coacervates formed as a consequence of pH decreasing to near the pI 
of protein. However, even at the pH above the pI of protein, where both biopolymers 
carry a net negative charge, soluble complex can be formed because the positively 
charged local domain on protein can interact with anionic polysaccharides (Girard and 
others 2002a; Tokle and others 2010). The formation of soluble complex at high pH 
can be achieved by partial or complete unfolding of protein upon heating (Gentès and 
others 2010). During heating, some positively charged amino groups on protein will 
 14
be exposed, which are available for further interaction with anionic polysaccharides 
and could lead to soluble complex formation (De la Fuente and others 2004). 
Proteins were partially unfolded due to an increase in charge repulsion during pH-
induced complex coacervation with polysaccharides, thus leading to the 
conformational modifications. It was reported that the maximum loss of secondary 
structure in protein was obtained exactly at the pH of coacervation. Chourpa and 
others (2006) investigated the conformational changes of gliadin and globulin when 
forming coacervates with gum arabic at pH below the pI of protein, showing a strong 
increase of β-sheet in pea globulin and α-helix in α gliadin. Schmitt and others (2001) 
found that complex coacervation of β-lactoglobulin and acacia gum at pH 4.2 induced 
the loss of 50% of the α-helix content of β-lactoglobulin. However, Klemmer and 
others (2011) reported no significant changes in the secondary structure of pea protein 
when insoluble pea protein-alginate complex formed at acidic pH. These different 
results were obtained from different protein-polysaccharide systems, which probably 
originate from the structural difference in the unfolded state of proteins and nature of 
the binding between protein and polysaccharides. Although it has been reported that 
soluble complex could be produced during heating at near neutral pH (pH > pI of 
protein), much less research has been done on the molecular level to investigate the 
structural changes of both proteins and polysaccharides (Dickinson 1998). Studies 
found that thermal stability of β-lactoglobulin was significantly enhanced due to the 
soluble complex formation with dextran sulfate at near neutral pH, but the 
conformational modification of proteins remained unclear (Vardhanabhuti and 
Foegeding 2008; Vardhanabhuti and others 2009). Rudd and others (2008) 
investigated secondary structural changes of antithrombin in protein-polysaccharide 
complex solution using vibrational circular dichroism, which indicated β-sheet 
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secondary structure of protein underwent substantial changes during complex 
formation. However, these secondary structural changes have not been quantified, and 
more comprehensive studies are needed to quantify the structural changes of protein 
as a consequence of polysaccharide binding to protein at pH well above pI of the 
protein.   
Accurately quantifying the secondary structural changes of protein in solution can be 
achieved by several methods such as nuclear magnetic resonance, circular dichroism, 
infrared absorption, and Raman spectroscopy. Among these methods, Raman 
spectroscopy is a suitable and direct technique that can provide information on 
primary and secondary structures of protein in both aqueous and solid samples 
without any pretreatment (Li-Chan 1996). Raman spectroscopic analysis has been 
successfully employed to study the secondary structural changes of protein during 
thermal denaturation, heat-induced gelation, and protein-polysaccharide or protein-
lipid interactions (Linlaud and others 2010; Nonaka and others 1993; Alizadeh-Pasdar 
and others 2002; Ngarize and others 2004; Meng and others 2005; Ngarize and others 
2005; Seo and others 2010; Ikeda 2003). 
Previous investigations on conformational modifications of protein during 
protein/polysaccharide interaction were conducted at pH values where either 
segregative or coacervated rather than associated conditions were favored. The aim of 
this study is to investigate the conformational changes of whey protein isolate upon 
forming associated soluble complex with pectin at near neutral pH.  Whey protein 
isolate was chosen because it is a major food ingredient used in food products 
especially beverages.  Pectin was chosen since it is commonly used to stabilize dairy 
drinks. Low methoxyl (LM) pectin is one of the most commercially important pectins 
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with low methyl ester and high charge density (0.6 mol negative charge/mol of 
monosaccharide). The effects of pH and biopolymer ratio on thermal stability of whey 
proteins were investigated. Raman spectroscopy was used to measure the major 
conformational changes of whey proteins responsible for formation of associated 
complex with pectin at near neutral pH. 
3.2 Materials and Methods 
3.2.1 Chemicals 
Whey protein isolate was kindly donated by Davisco Food International (BiPro, Le 
Sueur, MN, USA). The WPI was constituted of 95.4% total solid, 93.1% protein and 
2.1% ash. Low methoxyl pectin, was a gift from CPKelco (Atlanta, GA, USA). 
Hydrochloric acid was purchased from Fisher Science Education (Hanover Park, IL, 
USA), and sodium hydroxide was purchased from Acros Organic (Thermo Fisher 
Scientific, NJ, USA).  
3.2.2 Sample Preparation 
Whey protein isolate stock solution (9% w/w) was prepared by dissolving the protein 
in Millipore water (18.2 MΩ) with continuous stirring (at least 1 h at room 
temperature). Pectin stock solution (3% w/w) was prepared by dissolving pectin at 85 
oC for 2 h. Both protein and pectin solutions were stored at 4 oC overnight for 
complete hydration. On the next day, these stock solutions were warmed to room 
temperature prior to mixing with each other. The WPI and pectin solutions were 
mixed in deionized water at the appropriate amount so that the total weight of the 
mixed solutions was about 90% of the final weight. The pH of the mixed solutions 
was adjusted from 6.0 to 6.4 using NaOH and HCl (0.1N and 0.01 N). After pH 
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adjustment, deionized water was added to produce designated protein and pectin 
concentration. Samples contained 3% w/w protein and pectin at 0 to 0.2 pectin to 
protein weight ratios. The pH of the final solution was checked to assure proper pH. 
All samples were left at room temperature for 2 h under gentle magnetic agitation to 
promote complete complex formation. The 5 mL of each mixture was heated in test 
tube at 85 oC for 15 min, cooled in ice water, and moved to room temperature for 
measurements. 
3.2.3 Turbidity Measurement 
The turbidity of WPI-pectin soluble complex was measured using an ultraviolet-
visible (UV) spectrophotometer (Shimadzu, Japan) at a wavelength of 633 nm. 
Samples were analyzed in disposable plastic cuvettes with a cell path length of 1.0 
cm. Deionized water was used as a blank reference. All experiments were replicated 
at least twice. 
3.2.4 Particle Size Analysis 
The average particle diameter of WPI-pectin soluble complex was measured by 
dynamic light scattering using the Zetasizer Nano ZS (Malvern Instruments Ltd., 
Worcestershire, UK) equipped with 633 nm laser and 173o detection optics. Each 
sample was measured by diluting with deionized water to a final protein concentration 
of 0.1%. The particle size was reported as the Z-average mean diameter.  
3.2.5 Raman Measurement 
The heated WPI-pectin soluble complex was deposited onto a gold microscope slide 
and dried at ambient conditions prior to Raman measurement. Raman spectra were 
performed using a Renishaw RM1000 Raman Spectrometer System (Gloucestershire, 
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UK) equipped with a Leica DMLB microscope (Wetzlar, Germany). This system is 
equipped with a 785 nm near-infrared diode laser. During the measurement, light 
from the high power (maximum at 300 mW) diode laser was directed and focused 
onto the sample on a microscope stage through a ×50 objective.  Raman scattering 
signals were detected by a 578 × 385 pixels CCD array detector. The size of each 
pixel was 22 µm × 22 µm. The spectra were plotted as intensity (arbitrary units) 
versus the Raman shift in wavenumber (cm-1) with a detection range from 400 to 2000 
cm-1. Duplicates were collected from three independent experiments in which six 
different spots were recorded on the same sample. Spectral data were collected by 
WiRE 1.3 software (Gloucestershire, UK), and baseline corrected and normalized 
according to the protein phenylalanine peak at 1003 ± 1 cm-1. Protein secondary 
structures were determined as percentages of α-helix, β-sheet, β-turn, and random coil 
according to Sun et al. (2011). Spectral decompositions of the amide I band region, 
including normalization, derivation, curve fitting and area calculation were carried out 
using PeakFit software (Ver. 4.12, SeaSolve Software Inc. Framingham, MA). The 
relative amount of each component was determined from the area of the 
corresponding fitted band. 
3.2.6 Statistical Analysis 
Statistical analysis of results was performed using SPSS software (SPSS Inc., Ver. 19, 
Chicago, IL). A one-way analysis of variance (ANOVA) was employed to determine 
the statistical difference. Significant differences (p < 0.05) between means were 
identified using Duncan’s multiple range test. 
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3.3 Results and Discussion 
3.3.1 Turbidity 
The optimal density profiles (at 633 nm) as a function of pectin to WPI weight ratios 
(from 0 to 0.2) at three different pH values are shown in Figure 1. Heated protein 
solutions at pH 6.4 were slightly turbid, but only a small decrease in pH to 6.2 
resulted in higher aggregation of WPI as indicated by an increase in turbidity. Pectin 
had the ability to protect WPI against aggregation at pH 6.0 and 6.2. The addition of 
pectin at low concentration decreased the turbidity of the mixture, indicating that the 
degree of the aggregation of whey proteins was inhibited or the aggregation was 
modified to a different type of aggregates. At these pH values, negatively charged 
pectin interacted with the positively charged local domain on whey proteins, such 
protein-pectin complex formation receded protein-protein aggregation. Much was the 
same in the case of bovine serum albumin aggregation prevented by dextran sulfate 
observed by Chung and others (2007). At higher pectin concentration, the turbidity of 
the mixture increased dramatically as can be seen from pH 6.0. No phase separation 
was observed prior to heating; therefore, an increase in turbidity was probably due to 
crosslinking of the soluble complexes between the biopolymers during heating 
(Vardhanabhuti and others 2009). 
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Figure 1.  Effect of pH and biopolymer ratio on the turbidity of heated whey protein 
isolate and pectin: (●) pH 6.0; (■) pH 6.2; (▲) pH 6.4. 
3.3.2 Particle size 
In order to confirm the formation of associated complex, the particle size of the 
mixture was also measured, presenting as the Z-average mean diameter. The changes 
of particle size of whey proteins due to the presence of different concentration of 
pectin (Figure 2) showed the same trend as the turbidity (Figure 1). At pH 6.4, the 
particle size of WPI aggregates slightly increased with the increased concentration of 
pectin. This is probably because this pH value is far away from the isoelectric point, 
and protein carries high negative charges that prevent pectin from binding on the 
protein. As a result, more pectin indicates stronger electrostatic repulsion between 
protein and pectin, which could result in phase separation and larger protein 
aggregates. At pH 6.2 and 6.0, addition of pectin resulted in reduced particle size of 
WPI aggregates, with the smallest particle size observed at pectin to WPI weight 
ratios of 0.15 and 0.10 at pH 6.2 and 6.0, respectively.  
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Figure 2. Effect of pH and biopolymer ratio on particle size of heated whey protein 
isolate and pectin : (●) pH 6.0; (■) pH 6.2; (▲) pH 6.4. 
3.3.3 Raman spectroscopic analysis 
3.3.3.1 Comparison of unheated and heated samples of whey proteins 
Raman spectra of native state and denatured state of whey proteins (pH 6.0) in the 
region of 400 – 2000 cm-1 are shown in Figure 3. The frequency of major Raman 
bands and their tentative assignment that have been carried out according to literature 
references are resumed in Table 1 (Nonaka and others 1993; Chourpa and others 
2006; Li-Chan 2007). The intensity difference of Raman bands between native whey 
proteins and denatured whey proteins mainly indicated the major protein secondary 
structural changes and local environmental condition changes around certain residues 
(Li-Chan 2007). 
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Figure 3. Raman spectra (400 – 2000 cm-1) of (a) unheated and (b) heated whey 
protein isolate (3% w/w protein) at pH 6.0. The spectra were baselined and 
normalized to the phenylalanine peak at 1002 cm-1. 
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Table 1. Tentative assignment of characteristic Raman bands of whey protien isolate 
(Chourpa and others 2006; Nonaka and others 1993; Li-Chan 2007). 
Band assignment  Wavenumber (cm-1) 
S-S stretching 507 
Tryptophan (Trp) 755 
Tyrosine (TYR) doublet 837/864 
amide III (α-helix) 946 
Phenylalanine (Phe) 1002 
C-C stretching 1076 
CN stretching 1112 
C-C stretching 1208 
amide III (β-sheet) 1238 
amide III (α-helix) 1270 
CH deformation, Trp 1335 
CH2 or CH3 bend 1449 
Ring Stretching, Tyr 1550 
amide I 1600-1700 
-CH OR =CH stretching 2880, 2930, 3060 
 
The local environmental changes between native and denatured whey proteins were 
indicated by the intensity changes of the bands at 864/837, 1335, and 1449 cm-1 
(Table 2). The intensity ratio of the tyrosine (tyr) doublet at 864 and 837 cm-1 
(I864/I837), known as a good indicator of the hydrogen bonding of the phenolic 
hydroxyl group, has been used to reflect “buried” and “exposed” Tyr groups (Nonaka 
and others 1993). In our case, the I864/I837 ratio of native whey proteins is 1.55, and 
there was a significant reduction after whey proteins were denatured (I864/I837 = 1.09), 
suggesting that some Tyr groups were buried in a hydrophobic environment, which 
could make a great contribution to the protein intermolecular and intramolecular 
hydrophobic interactions during thermal treatment. 
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Table 2. Normalized intensities of the Tyrosyl Doublet (864/837 cm-1), Tryptophan 
bands (1335 cm-1), and CH2 or CH3 bend (1449 cm-1) of unheated and heated whey 
protein isolate (WPI) at different pH. 
  
I864/I837 (cm-1) I1335/I1003 (cm-1) 
I1449/I1003 (cm-
1) 
pH 6.0 
Unheated  1.55 ± 0.05 d 1.50 ± 0.11 b 1.34 ± 0.06 b 
Heated WPI 1.09 ± 0.02 a 1.00 ± 0.03 a 1.02 ± 0.01 a 
pH 6.2 
Unheated WPI 1.56 ± 0.04 d 1.41 ± 0.02 b 1.30 ± 0.12 b 
Heated WPI 1.21 ± 0.04 b 0.97 ± 0.05 a 1.05 ± 0.05 a 
pH 6.4 
Unheated WPI 1.38 ± 0.05 c 1.41 ± 0.02 b 1.30 ± 0.05 b 
Heated WPI 1.18 ± 0.03 ab 0.95 ± 0.14 a 1.02 ± 0.15 a 
 
All the values are the means ± standard deviation of three determinations. Different 
letters in the same column indicate significant difference (p < 0.05). 
Exposure of hydrophobic groups to the outer surface of protein during denaturation 
was evident in present study. Denatured whey proteins showed a significant decrease 
in 1335 cm-1 band assigned to C-H deformation of tryptophan (Trp), indicating the 
hydrophobic residues of Trp exposing to the surface of protein after heating. Another 
noticeable change is that denatured whey proteins showed a decrease in the intensity 
of the band at 1449 cm-1 in comparison with unheated whey proteins, indicating the 
environmental changes around the aliphatic and hydrocarbon side chains. 
It is well known that Raman spectra could reveal secondary structural changes in 
protein and peptide as indicated by “amide” band envelops, including amide I, II and 
III regions. Quantitative estimation of protein secondary structure is usually obtained 
by fitting the amide I (1600 – 1700 cm-1) band with theoretical profiles (Chourpa and 
others 2006). Several studies have been successfully deconvolved amide I band using 
Gaussian or Lorentzian curve fitting to yield relative spectral contributions of the α-
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helix, β-sheet, β-turn and random coil to the protein secondary structures (Maiti and 
others 2004; Sun and others 2011; Klemmer and others 2011; Susi and Byler 1988; 
Liang and others 2006). In this study, nine and seven Gaussian component bands were 
fitted to 1600 – 1700 cm-1 region of unheated and heated whey proteins, respectively 
(Figure 4). The components at 1657 cm-1 and 1674 cm-1 disappeared after heating. 
The relative contributions of respective components were expressed as percentages of 
α-helix, β-sheet, β-turn and random coil conformation according to Sun and others 
(2011) (Table 3). The major feature of the amide I bands of unheated whey proteins is 
β-sheet, as indicated by dominance of the bands at 1667 and 1674 cm-1. The 
contribution of β-sheet decreased slightly after heating due to the disappearance of 
component at 1674 cm-1. The α-helix conformation was not detected during curve-
fitting after heating because of the loss of the component at 1656 cm-1. At the expense 
of helical structure, heating increased the β-turn and random coil fractions of whey 
proteins by 22.9 % and 55.9 %, respectively. Ngarize and others (2004) reported an 
increase in β-sheet in heated whey proteins. Seo and others (2010) reported that a loss 
of helical structure and formation of β-sheet were dominant to the conformational 
changes of denatured β-lactoglobulin. Dàvila and others (2006) found thermal 
treatment resulted in an increase in β-sheet content and a decrease in random coil 
content of plasma proteins. Vermeer and Norde (2000) and Li and others (2005) 
described a reduction in β-sheet and an increase in random coil when heating 
immunoglobulin. The different results obtained from this study can be explained by 
the presence of many different protein fractions within whey proteins as well as 
differences in heating conditions, thus, the overall thermal denaturation behavior can 
be very different from single protein. 
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Figure 4. Deconvolved and curve-fitted Raman bands in the amide I band region of 
unheated (a) and heated (b) 3% (w/w) whey protein isolate at pH 6.0. 
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Table 3. Determined frequencies of amide I bands, relative assigned structures, and their contributions for secondary structural contents of 
unheated and heated whey protein isolate (WPI) at different pH. 
structure 
Frequency 
(cm-1) 
Structural contribution (%) 
pH 6.0 pH 6.2 pH 6.4 
Unheated WPI Heated WPI Unheated WPI Heated WPI  Unheated WPI Heated WPI 
Amino acid chain 1613 7.75 ± 0.10 a 10.7 ± 0.9 c 8.88 ± 1.05 ab 10.7 ± 0.4 c 8.34 ± 0.15 a 9.91 ± 0.44 bc 
β-sheet 1623 9.27 ± 0.44 a 11.0 ± 0.3 cd 9.67 ± 0.27 ab 11.8 ± 0.4 d 9.34 ± 0.09 a 10.3 ± 0.3 bc 
β-turn 1638 9.06 ± 0.00 a 12.8 ± 1.0 b 9.33 ± 0.42 a 12.6 ± 0.4 b 9.27 ± 0.53 a 12.8 ± 1.0 b 
Random coil 1646 10.5 ± 0.5 a 16.4 ± 1.7 b 10.7 ± 0.7 a 16.7 ± 1.2 b 10.3 ± 0.6 a 17.2 ± 1.6 b 
α-helix 1657 13.1 ± 1.2 a - 12.6 ± 1.2 a - 12.8 ± 1.4 a - 
β-sheet 1667 15.5 ± 0.2 a 25.2 ± 0.8 b 15.4 ± 0.9 a 24.2 ± 0.5 b 18.5 ± 3.9 a 23.6 ± 1.8 b 
1674 14.2 ± 0.2 a  14.1 ± 0.4 a  13.8 ± 0.6 a  
β-turn 1687   11.8 ± 0.5 ab 14.5 ± 1.3 bc 10.3 ± 2.1 a 14.7 ± 0.4 bc 10.6 ± 0.4 a 16.0 ± 2.0 c 
1698 8.68 ± 0.41 a 9.30 ± 1.80 a 9.00 ± 0.18 a 9.23 ± 0.18 a 9.14 ± 0.69 a 10.1 ± 1.8 a 
Total α-helix  13.1 ± 1.3 a - 12.6 ± 1.2 a - 12.8 ± 1.4 a - 
Total β-sheet  39.0 ± 0.8 a 36.3 ± 0.5 b 39.2 ± 1.0 a 36.0 ± 0.1 b 41.6 ± 3.4 a 33.9 ± 1.6 b 
Total β-turn  29.6 ± 0.9 a 36.6 ± 2.1 b 28.6 ± 1.9 a 36.5 ± 1.0 b 27.0 ± 1.6 a 39.0 ± 2.8 b 
Total Random coil  10.5 ± 0.5 a 16.4 ± 1.7 b 10.7 ± 0.7 a 16.7 ± 1.3 b 10.3 ± 0.6 a 17.2 ± 1.6 b 
other  7.75 ± 0.10 a 10.7 ± 0.9 c 8.88 ± 1.0 a 10.7 ± 0.4 c 8.34 ± 0.15 a 9.91 ± 0.44 bc 
All the values are the means ± standard deviation. Different letter in the same row indicate significant difference (P < 0.05). 
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The Raman spectra of unheated and heated whey proteins at pH 6.2 and 6.4 were also 
obtained, and secondary structural changes of protein after heating showed the same 
trend as that at pH 6.0 (Table 3). No differences among different pH values were 
observed. Although different levels of protein aggregation during heat treatment were 
observed at these three pH values, no conformational modification could be 
documented from the Raman spectra. 
3.3.3.2 Conformational changes in soluble WPI-pectin complex 
The Raman spectra of whey proteins in the presence of pectin at different biopolymer 
ratios and different pH values (6.0, 6.2 and 6.4) were obtained in this study. Overall 
conformational changes of whey proteins upon complexation with pectin were also 
estimated as the secondary structural modifications in amide I bands and changes of 
local environment around hydrophobic residues. The Raman spectra of pectin was 
also obtained (data not shown), which did not give significant signals compared to 
protein. 
The truncated Raman spectra (770 – 930 cm-1) of whey proteins with different pectin 
to WPI ratios at pH 6.0 is shown in Figure 5. The most noticeable change is the large 
increase in the intensity ratio of 864/837 cm-1 doublet. As mentioned above, heating 
caused the burial of tyrosine residues as indicated by the decrease of I864/I837 ratio. 
However, in the presence of pectin, tyrosine was again exposed to the outer surface of 
protein, since I864/I837 ratio significantly increased with more pectin added. The most 
significant changes started at a certain critical pectin to WPI ratio of 0.05, which is in 
concordance with the results obtained from particle size measurement. The Raman 
spectra of whey proteins in the presence of pectin at pH 6.2 and 6.4 also showed 
similar results (data not shown). According to Pace and others (2001), exposed 
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tyrosine hydrogen bonds contribute favorably to protein stability even if they do not 
form intramolecular hydrogen bonds, and removing a partially exposed tyrosine 
residue on the surface of a protein causes a decrease in stability. In this study, it is 
possible that pectin stabilizes protein by making tyrosine residue exposed on the 
surface of protein during heating. On the other hand, the exposed tyrosine residue 
could make a great contribution to the hydrogen bonds formed between protein and 
pectin molecules, which might indicate the whey protein-pectin complex formation. 
 
Figure 5. Raman spectra in the 770 – 930 cm-1 region of whey protein isolate-pectin 
complex formed at pH 6.0 and  different biopolymer ratios. 
Apart from the microenvironmental changes around Tyr residues, amide I bands were 
significantly affected by the presence of pectin at different pH values. Figure 6 
showed the truncated Raman spectra (1610 – 1720 cm-1) of whey proteins at pH 6.0 
with different WPI to pectin ratios. The deconvolution and curve fitting of amide I 
band were obtained, and the corresponding results of the contribution of four major 
conformation-related components to main protein secondary structure were displayed 
in Table 4. The most noticeable structural change was the reoccurance of α-helix at 
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pH 6.0 and 6.2 having pectin to WPI ratios above 0.05. At these pH values, low pectin 
concentation (pectin : WPI ratio = 0.02) was not significant enough to induce 
conformational modification of whey proteins, while higher pectin concentration 
resulted in increases in α-helix and β-sheet accompanied by reduction in β-turn and 
random coil structures. Although thermal treatment resulted in a loss of α-helix and 
increased random coils, a small amount of pectin binding to protein had the ability 
against these conformational changes, suggesting that whey proteins were stabilized 
by the formation of whey protein-pectin complex. The β-sheet structure is 
characterized by a relatively large surface area that provides opportunities for the 
formation of hydrogen bonds (Chourpa and others 2006). In the presence of pectin, 
the increased β-sheet structure indicates enhanced hydrogen bonding between protein 
and pectin. The pectin to WPI ratio at 0.05 also seemed to be the critical ratio prior to 
significant secondary structural modification. At pH 6.4, whey proteins were less 
influenced by the presence of pectin despite the concentration studied, which is 
consistent with the turbidity and particle size changes (Figure 1 and Figure 2). It is 
possible that, at optimal pectin concentration and optimal electrostatic balance, pectin 
stabilizes protein and/or forms soluble complexes with WPI and the resulting 
structures dominant in α-helix and β-sheet structures. Since these effects are observed 
at pH 6.0 and 6.2, it is likely that the electrostatic interactions between biopolymers, 
in addition to hydrogen bonding, are responsible for the formation of soluble 
complexes. 
 
31
 
 
Table 4. Relative contributions of four major conformation-related components (curve fitting made as for Figure 4) in amide I band of unheated 
whey protein isolate (WPI), heated WPI and WPI-pectin complex at pH 6.0, 6.2, and pH 6.4 
Structure pH 
                                   Structural distribution (%) 
Unheated 
pectin : WPI weight ratio 
0.00 0.02 0.05 0.10 0.15 0.20 
α-helix 6.0 
6.2 
6.4 
13.1 ± 1.3 a 
12.6 ± 1.2 a 
12.8 ± 1.4 a 
- 
- 
- 
- 
- 
- 
10.9 ± 0.4 a 
11.5 ± 0.3 a 
- 
11.7 ± 1.6 a 
11.1 ± 0.9 a 
- 
11.6 ± 1.2 a 
11.1 ± 0.0 a 
- 
11.2 ± 0.3 a 
12.8 ± 1.4 a 
- 
β-sheet 6.0 
6.2 
6.4 
39.0 ± 0.8 cd 
39.2 ± 1.0 cd 
41.6 ± 3.4 d 
36.3 ± 0.5 ab 
36.0 ± 0.1 ab 
33.9 ± 1.6 a 
36.8 ± 0.1 bc 
36.3 ± 0.6 ab 
36.9 ± 0.7 bc 
40.8 ± 0.9 d 
39.9 ± 0.6 d 
35.6 ± 0.7 ab 
40.8 ± 0.8 d 
40.2 ± 0.1 d 
35.5 ± 0.6 ab 
39.9 ± 1.0 d 
40.7 ± 0.4 d 
34.1 ± 1.7 a 
40.7 ± 0.0 d 
44.2 ± 1.0 e 
34.8 ± 0.9 ab 
β-turn 6.0 
6.2 
6.4 
29.6 ± 0.8 bc 
28.6 ± 1.9 bc 
27.0 ± 1.6 b 
36.6 ± 2.1 fg 
36.5 ± 1.0 fg 
39.0 ± 2.8 g 
34.8 ± 1.3 ef 
37.7 ± 0.4 fg 
34.0 ± 0.6 def 
31.4 ± 0.7 cde 
30.5 ± 1.1 bcd 
36.5 ± 0.4 fg 
30.3 ± 2.6 bcd 
31.3 ± 1.2 cde 
37.3 ± 3.7 fg 
30.5 ± 1.9 bcd 
30.7 ± 0.2 bcd 
36.7 ± 2.9 fg 
31.1 ± 0.1 cde 
23.1 ± 0.7 a 
39.3 ± 1.2 g 
Random 
coil 
6.0 
6.2 
6.4 
10.5 ± 0.5 a 
10.7 ± 0.7 a 
10.3 ± 0.5 a 
16.4 ± 1.7 cde 
16.7 ± 1.3 cde 
17.2 ± 1.6 cde 
17.5 ± 1.4 de 
15.2 ± 0.1 bc 
18.2 ± 0.3 e 
9.55 ± 0.24 a 
10.0 ± 0.5 a 
15.5 ± 0.1 bcd 
9.71 ± 0.1 a 
9.88 ± 0.35 a 
15.9 ± 2.2 cd 
9.93 ± 0.08 a 
9.82 ± 0.01 a 
16.2 ± 0.7 cde 
11.2 ± 0.0 a 
12.4 ± 0.5 a 
13.8 ± 0.5 b 
 
All the values are the means ± standard deviation. Different letters under the same structure indicate significant difference (P < 0.05).
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Figure 6. Raman spectra in the 1610 – 1720 cm-1 region of whey protein isolate-pectin 
complex formed at pH 6.0 and different biopolymer ratios.  
Several studies have reported the changes in protein secondary structure upon 
complex coacervates formation with polysaccharides. Girard and others (2003) 
investigated the β-lactoglobulin–pectin binding at pH 4 using isothermal titration 
calorimetry. Due to the limitation of enthalpic analysis, the authors suggested that 
more studies were needed to dissociate enthalpic contributions from conformational 
changes. Chourpa and others (2006) reported that pH 2.75 and 3.0 were the specific 
pH conditions for optimal complex coacervation of α-gliadin and globulin with gum 
Arabic, respectively, and Raman analysis implied that the protein–gum complexes are 
mainly β-sheets in globulin and α-helix in α gliadin. Klemmer and others (2011) 
showed no significant changes in secondary structure composition of pea protein upon 
the complex coacervation of alginate polysaccharides. Despite the different results 
obtained in these studies, the insoluble protein–polysaccharide complexes were pH-
induced at pH near or below the pI of protein and at polysaccharide to protein ratio 
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around 0.5 to 1 at room temperature. In this study, much less polysaccharide was used 
to produce the soluble complex at near neutral pH by heating the mixture of the two 
biopolymers. During heating, protein unfolds, which offers a greater chance for pectin 
to bind on positively charged domain on protein than when protein is in its native 
state.  
3.3.4 Possible mechanisms of soluble complex formation 
Concerning electrostatic repulsion between both negatively charged protein and 
pectin at pH away from isoelectric point, the initial hypothesis is that there should be 
an optimal pH and biopolymer ratio that provide balanced electrostatic repulsion and 
attraction, favoring the formation of soluble protein–pectin complex. At higher pH, 
microscopic phase separation would occur which leads to disassociation of the 
complex. The results obtained in this study confirmed this hypothesis. At pH value 
above pI but below 6.4, pectin is able to bind to the positively charged patches on 
whey proteins and is rather favorable to form associated whey protein–pectin 
complex. Only a small increase in pH results in much less interaction between whey 
proteins and pectin. 
The mechanism of whey proteins and pectin interaction at near neutral pH can be 
carefully detailed from Raman investigations carried out in the 400 – 2000 cm-1 
region. Whey protein denaturation results in the loss of α-helix and a concomitant 
formation of β-structure of unordered coil. By adding an appropriate amount of pectin 
to whey protein solution, less modification of secondary structure is detected. On the 
other hand, significant increases in I864/I837 ratio and β-sheet structure indicate the 
importance of electrostatic interaction and hydrogen bonding for protein–pectin 
interactions. In addition, pectin concentration plays an important role in optimal 
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complex formation at near neutral pH. Above optimal biopolymer ratio, higher 
amount of pectin could cause either microscopic phase separation or cross-link 
between biopolymers.  
3.4 Summary 
The results described in this study provide additional evidences to previous analyses 
of polysaccharide and protein interaction at near neutral pH and its effect on protein 
heat stability. It has been shown that heat stability of protein enhanced by forming 
soluble complex with polysaccharide is driven by the electrostatic interactions 
between the two biopolymers. Combined with this study, we can conclude that the 
effect of polysaccharide is mainly due to its ability to stabilize the secondary 
structures and further alter the heat aggregation of protein.   
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CHAPTER 4 
ACID-INDUCED GELATION PROPERTIES OF HEATED WHEY 
PROTEIN−PECTIN SOLUBLE COMPLEX (PART I): EFFECT OF INITIAL 
PH  
4.1 Introduction 
Acid-induced gelation of whey protein can be achieved by heating protein to form 
aggregates, followed by reducing the electrostatic repulsion between the aggregates 
by decreasing the pH to or near the isoelectric point (pI) of the protein (Alting and 
others 2003). Polysaccharides are used to alter the properties of acid-induced gelation 
of proteins. Addition of polysaccharides during cold gelation process results in the 
formation of gels with a wide range of different microstructures, depending on the 
properties of protein and polysaccharides (such as size, conformation, and charge 
density), biopolymer ratio, and the nature and strength of protein/polysaccharide 
interactions. In studies that investigated the effect of polysaccharides on gelation 
properties of whey protein, polysaccharides are typically added after protein 
aggregate formation (Cavallieri and Cunha 2009; de Jong and van de Velde 2007; van 
den Berg and others 2009b). Little has been done on acid-induced gelation of heated 
protein−polysaccharide soluble complex (i.e., formation of heated soluble protein and 
polysaccharide complex followed by acid-induced gelation).  
Protein−polysaccharide complex mostly originated from electrostatic attraction 
between two oppositely charged biopolymers (Turgeon and others 2007b). The most 
important factors that affect electrostatic-driven complex formation are pH, ionic 
strength, biopolymer ratio and total biopolymer concentration (Schmitt and Turgeon 
2011). Through its role in ionization of protein and polysaccharides, pH is the most 
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significant factor that determines protein/polysaccharide interaction. The optimum 
complex formation has been found when protein and polysaccharide were mixed at 
pH near pI of the protein (Chourpa and others 2006; Girard and others 2003; 
Weinbreck and others 2003b; Jiménez-Alvarado and others 2009). However, even at 
neutral pH, where both biopolymers carry a net negative charge and the interaction is 
minimal, soluble complex can be formed during heat treatment. Unfolding of protein 
exposes the positively charged local domain on protein, allowing the interaction 
between positively charged domain and anionic polysaccharides (Girard and others 
2002b; Klemmer and others 2012; Vardhanabhuti and others 2009). The resulting 
heated soluble complex differs in size and shape compared to heated protein 
aggregates. It has been reported that the molecular weight of whey protein aggregates 
formed in the presence of κ-carrageenan were lower than the aggregates formed in 
whey protein solution heated in the absence of κ-carrageenan (De la Fuente and others 
2004). Beaulieu and others (2005) found that low methylester (LM) pectin has a 
protective effect on whey protein during heating, resulting in complex with smaller 
molecular weight than heated whey protein aggregates. During complex formation at 
near neutral pH, significantly different extent of interactions between protein and 
polysaccharides could be obtained by heating the biopolymers together at slightly 
different pH. For example, dextran sulfate altered heat aggregation of β-lactoglobulin 
(β-LG) at pH 5.8 and 6.0 but not at pH 6.2 (Vardhanabhuti and others 2009). Pectin 
has been found to increase heat stability of whey protein at pH 6.0 and 6.2, but the 
effect is less evident at pH 6.4 (Zhang and others 2012). 
As mentioned above, polysaccharides are typically added after protein aggregation in 
acid-induced gelation process. The interactions between protein aggregates and 
polysaccharides mainly depend on the charge density of polysaccharides. It has been 
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reported that the interactions between proteins and polysaccharides increase with 
increasing charge density of polysaccharides, and no interaction is observed for 
neutral polysaccharides (de Jong and others 2009). The limited interaction between 
protein and polysaccharides is one of the most important reasons that cause phase 
separation between the two incompatible components during gelation. Since 
interactions between proteins and polysaccharides could be enhanced during heating, 
the formation of heated soluble complex can potentially alter gel microstructure of 
acid-induced gels. In this study, LM pectin has been chosen to investigate the effect of 
soluble complex formation on gelation properties of whey protein. Pectin is an 
anionic carboxylated polysaccharide that is frequently used in whey 
protein/polysaccharide mixed gel. Previous studies have shown that LM pectin, 
carrying high negative charge density, yields more homogenous microstructure than 
pectin with lower charge density. The objective of this study was to investigate acid-
induced gelation of heated soluble complex formed by heating whey protein and 
pectin together at pH 7.0, 6.5, and 6.2. The reasons that we chose these pH values are 
1) heated protein aggregates are typically formed at near neutral pH in acid induced 
gelation applications, and 2) change of pH in this range can yield significant 
difference in degree of electrostatic interactions according to Chapter 3. Hence, these 
pH values are chosen to study whether enhancement in electrostatic interactions 
between biopolymers could lead to different gel properties. Gel formation, physical 
properties, and microstructures were studied and compared to those formed from 
heated WPI (heated alone) with added pectin.  
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4.2 Materials and Methods 
4.2.1 Materials 
Whey protein isolate (WPI, Bipro) was the gift from Davisco Foods International (Le 
Sueur, MN). As stated by the manufacturer, the powdered WPI was constituted of 
97.9 wt% protein,  2.1 wt% ash, and 0.3 wt% fat (dry weight basis) and 4.7 wt% 
moisture (wet weight basis). Pectin LM-18 was kindly donated by CP Kelco Inc. 
(Lille Skensved, Denmark). It is derived from citrus peels, and has a degree of methyl 
esterification of 40%. Glucono-δ-lactone (GDL) and Rhodamine B were purchased 
from Sigma Chemical Co. Ltd (St. Louis, MO). Other chemicals used in this study 
were of analytical grade. 
4.2.2 Sample preparation 
WPI stock solution (10% w/w) was prepared by slowly dissolving the protein in 
Millipore water (18.2 MΩ) with continuous stirring for at least 2 h at room 
temperature (25 oC). Pectin stock solution (4% w/w) was prepared by hydrating pectin 
at 85 oC for 2 h under continuous stirring. The stock solutions were then kept in the 
refrigerator (4 oC) overnight for complete hydration. On the next day, these stock 
solutions were warmed to room temperature prior to mixing. 
Heated soluble complex: Stock solutions of WPI and pectin were mixed at appropriate 
amount and their pH was adjusted to 7.0, 6.5, and 6.2. Deionized (DI) water was 
added such that the final protein concentration was 6% (w/w) and pectin 
concentrations ranged from 0.06 to 0.6% (w/w). The mixtures were gently stirred at 
room temperature for 2 h before being heated in a temperature-controlled water bath 
at 85 oC for 30 min and cooled using running tap water. DI water was added to all the 
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samples to produce the final protein concentration of 5% (w/w), and pectin 
concentration ranged from 0.05% to 0.5% (w/w). Samples were kept at 4 oC for 18 h 
before GDL addition. 
Polymer with addition of pectin (polymer/pectin): Whey protein polymer was 
prepared by heating the WPI solution with an initial concentration of 6% (w/w) at pH 
7.0, 6.5, and 6.2 at 85 oC for 30 min. After polymer solutions were cooled using 
running tap water, stock pectin solution was added at appropriate amount and the pH 
was adjusted to the required values.  DI water was added such that the final protein 
concentration was at 5% (w/w) and pectin concentration ranged from 0.05 to 0.5% 
(w/w). Samples were gently stirred at room temperature for 2 h and then kept in the 
refrigerator for 18 h for complete interaction between protein and polysaccharide 
before GDL addition. 
Acid-induced gelation: GDL was added to the heated solutions at different GDL/WPI 
ratio to reach a final pH of 4.7 ± 0.1 after 24 h of incubation.  The mixtures were 
gently stirred for 30 s and then 1.5 mL of the sample was taken out to a centrifuge 
tube for water holding capacity measurement. Samples were covered with parafilm 
and left overnight at 4 oC.  After 24 h, gels were removed from the refrigerator and 
left to warm up to room temperature (22 ± 2oC) for 2 h before analysis.  
4.2.3 Zeta potential and particle size measurements 
The average particle diameter and electrical charge (zeta potential) of the heated 
soluble complex and polymer/pectin were measured by the Zetasizer Nano ZS 
(Malvern Instruments Ltd., Worcestershire, United Kingdom) equipped with 633 nm 
laser and 173° detection optics. Samples were diluted with DI water to a final protein 
concentration of 0.3% w/w for particle size measurement. The particle size was 
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reported as the Z-average mean diameter. Zeta potential was measured without any 
dilution. 
4.2.4 Turbidity measurement 
Turbidity measurements were made on Ultra Microplate Reader (BioTek Instruments 
Inc., Winooski, USA) at a wavelength of 630 nm and 25 oC. Samples (200 µL) were 
distributed in a 96-well microplate and covered with a thin layer of mineral oil to 
prevent water evaporation. The turbidity of gel was monitored in situ at 5-min 
intervals for 24 h. The pH was recorded simultaneously at ambient temperature, using 
an Accumet* AB15 pH meter (Fisher Scientific, Pittsburgh, PA).  
4.2.5 Large deformation properties 
Soluble complex and polymer/pectin mixture (36 mL) were used to form 30-mm-
thick gels at 4 oC. Gelation was induced by the addition of GDL as previously 
described in section 2.2. Large deformation tests were performed using a texture 
analyser (TA-Hdi, Texture Technologies Corp, Scarsdale, NY) with a 5-kg load cell 
and 13-mm-diameter cylindrical plunger, according to the method of Picone and da 
Cunha (2010) with modification. Before analysis, samples were equilibrated at 
ambient temperature for 2 h. The penetration distance was fixed to 10% of the 
original gel thickness with a deformation rate of 10 mm/s. The force required to 
maintain the 10% strain was recorded for 480 s. All treatments were run in triplicate. 
4.2.6 Small deformation properties 
For small deformation measurements, a Kinexus rheometer (Malvern Instruments 
Ltd., Worcestershire, United Kingdom) with plate and plate geometry (50 mm 
diameter upper plate) was used for all experiments. Before the rheological 
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measurements, GDL was added to the sample and gently stirred for 30 s. An aliquot 
of 1.2 mL was immediately transferred to the rheometer lower plate, and a humidity 
cover and solvent trap were used to prevent water evaporation. The development of 
elastic modulus (G′) was monitored in the linear region (1% strain) at a constant 
frequency of 1 Hz at 4 oC for a period of 24 h. A strain sweep test was performed to 
check that measurements have been done within the linearity limits of the viscoelastic 
behavior. 
4.2.7 Water holding capacity 
Water holding capacity (WHC) was measured according to other references (GU and 
others 2011; Picone and da Cunha 2010). Gel samples (1.5 g) formed in the centrifuge 
tubes were used to measure water holding capacity. Loss of water was determined 
from the gel weight before and after centrifugation at 10 000 × g for 10 min. The 
WHC value was calculated by weight difference:  
 
where mgelwater  is the amount of water in gel before centrifugation (g) and 	mlosswater is the 
amount of water lost during centrifugation. All measurements were done in triplicate. 
4.2.8 Confocal laser scanning microscopy (CLSM) 
For CLSM imaging, samples were stained with Rhodamine B solution (20 µL of a 0.2 
wt% solution/mL of sample) prior to acidification. After GDL addition, 
approximately 70 µL of the dyed protein solution was placed into a welled slide, 
covered with a 0.17 mm coverslip. Samples were left to gel at 4 oC and were observed 
under the microscope at room temperature. The microstructure of gel was recorded by 
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a Zeiss LSM 510 META confocal laser scanning microscope (Cal Zeiss, Jena, 
Germany) with 100× and 63× water immersion objectives. An Ar/Kr visible light 
laser was used with an excitation wavelength of 543nm. Digital image files were 
acquired in 1024 pixels × 1024 pixels. Z-stacks of xy-scans were recorded between 3 
and 60 µm penetrations, with an interval of 3 µm. The reported images in this paper 
were recorded at a penetration depth of 18 µm. 
4.2.9 Statistical analysis 
Statistical analysis of results was performed using SPSS software (SPSS Inc., Ver.19, 
Chicago, IL). A one-way analysis of variance (ANOVA) was employed to determine 
the statistical difference. Significant differences (p < 0.05) between means were 
identified using Duncan’s multiple range test. 
4.3 Results and Discussion 
4.3.1 Particle size and zeta potential of heated solutions 
In order to confirm the formation of heated soluble complex at near neutral pH, the 
particle size of complex and polymer/pectin was measured. The Z-average mean 
diameters of native WPI and pectin were 5 and 700 nm, respectively, which were in 
agreement with what previously reported (Huang and others 2011; Kazmierski and 
Corredig 2003).  After the biopolymers were heated together, the heated soluble 
aggregates showed a single peak with the size between native WPI and pectin, while 
the peaks of native WPI and pectin disappeared. This indicated the formation of 
soluble complex between whey protein and pectin. It has been reported that soluble 
complexes could be produced at near neutral or even alkaline pH (Dickinson 1998).  
As examples, β-LG formed complex with low- and high-methylated pectin at pH 7.0 
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(Girard and others 2002b). Electrostatic interactions were responsible for complex 
formation between β-LG and dextran sulfate at near neutral pH (Vardhanabhuti and 
others 2009). In this study, it should be noted that mixtures of polymer with added 
pectin also showed one single size distribution peak which indicated that pectin also 
associated with polymer. Interactions between polymer and added negatively charged 
polysaccharides at neutral pH have been reported (de Jong and others 2009).  The Z-
average mean diameters of heated samples are shown in Figure 7. The particle size 
increased with increasing pectin concentration at pH 7.0. At pH values far away from 
the pI of the protein, addition of pectin increased the repulsion between molecules, 
resulting in micro phase separation and larger aggregates formation. Heating WPI 
together with pectin (complex) led to the formation of larger particles compared to 
heated WPI with added pectin (polymer/pectin), demonstrating that heated soluble 
aggregates of complex were larger and/or had different shape compared to those of 
polymer/pectin. Similar pattern was observed for pH 6.5 with complex showing 
slightly larger particle size than polymer/pectin. However, at pH 6.2, the particle size 
of complex was much smaller than polymer/pectin at highest pectin concentration. In 
Chapter 3, we have shown that pectin altered heat stability of whey protein at certain 
pH since heat aggregation of whey protein was suppressed when pectin was present, 
as shown by a decrease in turbidity and particle size. In this experiment, the size of 
complex showed a little smaller than polymer at pH 6.2, whereas addition of pectin to 
polymer led to larger particle size with increasing size at higher pectin concentrations. 
The particle size results indicated different degree of interactions between 
biopolymers at different pH values. 
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Figure 7. Particle size of WPI–pectin complex (■) and polymer/pectin (▲) with 
increasing pectin concentrations at initial pH of 7.0 (a), 6.5 (b), and 6.2 (c). 
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potential of complex and polymer/pectin was measured at different pH and pectin 
concentrations. Polymers were negatively charged at pH above its pI and zeta 
potential of polymers became more negative from -22.40 mV at pH 6.2 to -28.60 mV 
at pH 7.0 (Table 5). Addition of pectin to polymer led to a more negative value of zeta 
potential. Even though the overall charge of the polymer was negative, there were 
patches of positive local charges which could interact with negatively charged pectin. 
Polymers at lower pH were expected to have more local domains with positive 
charges.  At high pectin concentrations, pectin molecules that adsorbed onto polymer 
molecules almost completely covered the positively charged residues of the protein 
since no significant difference of zeta potential (around 32 mV) was detected among 
different pH values. Similar trend in zeta potential at different pH was reported in 
whey protein/xanthan system (Benichou and others 2007).  
Table 5. Zeta-potential of soluble complex and polymer/pectin at different pH. 
pH Pectin% Complex Polymer/pectin 
7.0 0          – -28.60 ± 0.70d 
 0.1 -29.25 ± 0.25cd -30.10 ± 0.10c 
0.25 -31.90 ± 0.20b -30.40 ± 0.80c 
0.5 -34.40 ± 0.20a -32.35 ± 0.05b 
6.5 0         – -25.50 ± 0.40e 
 0.1 -28.95 ± 0.15c -26.90 ± 0.50d 
0.25 -30.95 ± 0.25b -28.75 ± 0.15c 
0.5 -34.15 ± 0.95a -31.95 ± 0.35b 
6.2 0         – -22.40 ± 0.10d 
 0.1 -28.80 ± 0.7c -24.35 ± 0.75d 
 0.25 -31.35 ± 0.05b -27.70 ± 0.90c 
 0.5 -34.95 ± 0.75a -32.05 ± 0.25b 
All of the values are the means ± standard deviations of at least three measurements. 
Different letters at the same pH values indicate significant differences (p < 0.05). 
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Similarly, zeta potential values of complex became more negative as pectin 
concentration increased, suggesting a formation of more negatively charged complex. 
With the exception of sample with 0.1% pectin at pH 7, all complex samples were 
more negatively charged compared to polymer/pectin. Another notable difference 
observed was that the effect of pH on electrical charges of protein became less 
dominant than the effect of pectin concentrations since similar zeta potential values 
were detected at the fixed pectin concentrations. The results of particle size and zeta 
potential obtained in this study indicated that the electrostatic interaction between 
protein and pectin was enhanced by heating them together.  
4.3.2 Gel turbidity 
The structure formation of the gels during acidification was monitored by measuring 
the change in turbidity and pH simultaneously.  Figure 8 shows the change in 
turbidity during acidification by the addition of GDL. The pH of the dispersions 
gradually decreased and reached the final pH of 4.7 ± 0.1 after 24 h. The turbidity of 
the dispersions before GDL addition increased with increasing pectin concentration 
and decreasing pH. At pH 7.0, no significant difference in turbidity was observed 
between complex dispersions and polymer/pectin dispersions under the same pectin 
concentrations. At pH 6.5 and 6.2, complex dispersions were less turbid than 
polymer/pectin. Despite the initial pH of the dispersions, the turbidity remained 
constant after GDL addition up to around pH 5.6 – 5.8 when turbidity suddenly 
increased. Upon acidification when pH was closer to the pI, the reduction of 
electrostatic repulsion and promotion of aggregation of protein aggregates turned the 
clear solution into a turbid gel (Rabiey and Britten 2009). After the steep increase in 
the turbidity at a short pH range when sol-gel transition occurred, the gel stayed at a 
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fairly constant turbidity with further acidification. Gels formed by polymer alone were 
the least turbid, and increasing pectin concentrations led to more turbid gels, 
suggesting that pectin promoted the formation of relatively large “particles” that 
scatter light (Bryant and McClements 2000). At all three pH values, complex gels 
with 0.1% pectin were less turbid than polymer/pectin gels, while no difference in 
final gel turbidity was found at high pectin concentration. Complex with higher pectin 
concentration also showed slower turbidity development than polymer/pectin. The 
difference in the turbidity development indicated different kinetics of structural 
rearrangements. As indicated by zeta potential, polymer/pectin was less negatively 
charged than complex due to the limited interaction between protein and pectin. This 
could make them less stable and more susceptible to rearrangements. Structural 
rearrangements induce the formation of locally denser cluster and larger pores, 
leading to a more turbid gel (Rabiey and Britten 2009). However, when the pectin 
concentrations exceed the critical value, turbidity measurement could not differentiate 
the difference between complex and polymer/pectin, probably due to the relatively 
denser cluster and larger pores compared to the gels with low pectin concentrations.   
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Figure 8. Turbidity of gel as a function of pH as measured during acid-induced 
gelation of whey protein isolate/pectin gel with initial pH of 7.0 (a), 6.5 (b), and 6.2 
(c): p0: 5% WPI polymer; p2: 5% WPI polymer  + 0.1% pectin; w2: complex (5% 
WPI– 0.1% pectin); p4: 5% WPI polymer  + 0.25% pectin; w4: complex (5% WPI–
0.25% pectin); p6: 5% WPI polymer  + 0.5% pectin; w6: complex (5% WPI–0.5% 
pectin). 
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4.3.3 Gel rheological properties 
4.3.3.1 Large strain deformation  
Figure 9 shows the effect of initial pH on large strain deformation properties of gel. 
Regardless of the initial pH, addition of pectin led to the development of stronger gels 
up to the critical pectin concentration. The hardness of gels (as indicated by the initial 
force in texture analysis) increased with increasing pectin concentration from 0.05% 
to 0.25%, but slightly decreased at higher pectin concentrations. Gels formed from 
different initial pH showed different pattern of gel hardness. For pH 7.0, complex gels 
showed higher gel strength than polymer/pectin gels, with the highest difference 
observed at pectin concentration of 0.25%. Although gels formed from pH 6.5 
showed the highest gel strength, there is no significant difference of gel hardness 
between complex and polymer/pectin. For gels formed from pH 6.2 solutions, the 
effect of pectin on gel strength was not as notable as that at pH 7.0 and 6.5, and there 
was no significant difference between complex and polymer/pectin gels. Overall, even 
though the interactions between biopolymers were most favored at pH 6.2, gels at pH 
6.2 were weakest, which could be possibly due to less degree of disulfide bond 
formation during acid induced gelation. The number of reactive thiol groups is the 
main determinant of cold set gel hardness since the formation of disulfide bonds 
during gelation depends on the number and accessibility of thiol groups. It has been 
reported that heating protein at higher pH values exposed more thiol groups 
(Hoffmann and van Mil 1997). It is possible that the thiol groups in samples at pH 6.2 
were less accessible than those at higher pH values, resulting in lower gel hardness.  
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Figure 9. Gel hardness of WPI–pectin complex gel (■) and polymer/pectin gel (▲) at 
different pectin concentrations and initial pH of 7.0 (a), 6.5 (b), and 6.2 (c). 
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Although the interaction between whey protein and pectin was minimal at pH 7.0, 
complex showed improved gel strength compared to polymer/pectin gel. On the 
contrary, no improvement of gel strength was obvious for gels made by complex at 
pH 6.5 and 6.2. The interaction between protein and pectin was enhanced at pH 6.5 
and 6.2 as indicated by zeta potential measurement. However, the enhanced 
interaction between two biopolymers did not contribute to the gel strength. This could 
be explained by the acidification rate and gel microstructures obtained in the 
following section. 
4.3.3.2 Small strain deformation 
Table 6 shows the gelation time and final elastic modulus (G′) of gels with pectin 
concentration of 0.1%, 0.25%, and 0.5% and pH 7.0 after acidification for 24 h at 4 
oC. The gelation time was slightly different among samples. Gels of polymer alone 
showed longer gelation time than gels with pectin, and samples with higher pectin 
concentration showed shorter gelation time. Different amount of GDL was added to 
different samples in order to obtain the same final pH. Samples with higher pectin 
concentration had higher amount of GDL, which could lead to shorter gelation time. 
No obvious difference of gelation time between complex and polymer/pectin was 
observed, probably because the amount of GDL was the same in complex and 
polymer/pectin samples at the same pectin concentrations.  
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Table 6. Gelation time and final storage modulus (G’) after addition of GDL for 24 h 
of complex gel and polymer/pectin gel at pH 7.0 
Pectin concentration (%) sample Gelation time (h) G’ 
0 Polymer 12.25  4586 
0.1% Complex 10.28 5164 
Polymer/pectin 10.22 4715 
0.25% Complex 9.92 6702 
Polymer/pectin 9.68 5687 
0.5% Complex 9.50 6691 
Polymer/pectin 10.01 5331 
Values given are average values. Measurements were done at least in triplicate with 
an experimental error lower than 15%. 
Gel formed by WPI polymer alone showed the lowest final G′ after 24 h of 
acidification.  The final G′ increased with increasing pectin concentration from 0% to 
0.25%, but decreased at 0.5% pectin concentration. Acid gels from heated soluble 
complex had higher final G′ than polymer/pectin gels at all three pectin 
concentrations. This was consistent with the results obtained from large strain 
deformation. The trend of the final G′ for gel samples formed at pH 6.5 and pH 6.2 
were also consistent with the results of large deformation properties (data not shown). 
In this study, small and large deformation properties of gels were determined by 
rheological measurements and gel penetration measurements, respectively. The initial 
force recorded in penetration measurement indicates the force needed to penetrate and 
break the gel. Gel hardness is determined by both the number of the effective strands 
in the gel and the modulus of the protein strands (Van Vliet 1998). The elastic 
modulus of the gel measured in rheological measurement, on the other hand, is 
governed by the number of the elastic effective junctions between strands (Alting and 
others 2004a). The two techniques yield similar trend in this study. Compared to 
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polymer/pectin, complex formed at pH 7.0 significantly improved the gelation 
properties. In Chapter 3, we found that α-helical and β-structure of protein increased 
during the presence of pectin during heating, indicating enhanced hydrogen bonding 
between biopolymers. These secondary structural changes could be responsible to the 
improved gel strength of complex gel.  Badii and Howell (2006) used Raman 
spectroscopy to investigate the secondary structure of different kinds of gelation, and 
found that tilapia and horse mackerel gelatin have higher helical content and hydrogen 
bonding which could contribute to the their higher gel strength compared to other 
gelatin.  
4.3.4 Water holding capacity 
Water holding capacity (WHC) of acid-induced gels is shown in Figure 10. WHC of 
pure polymer gels at pH 7.0, 6.5, and 6.2 were 92.8%, 94.3%, and 97.0%, 
respectively. For polymer/pectin gels made at pH 7.0, addition of pectin at lower than 
0.15% did not have significant effect on WHC, while higher pectin concentrations led 
to  a significant decrease in WHC. However, pectin did not affect the WHC of 
complex gel until the concentration reached 0.5%.  For example, the WHC of gels 
made by complex and polymer/pectin at pH 7 with 0.25% pectin concentration were 
92.3% and 82.1%, respectively.  Similar trend was observed for pH 6.5 and pH 6.2. 
No difference in WHC was shown between complex and polymer/pectin gel at pectin 
concentration lower than 0.25%; however, WHC of complex gel was significantly 
enhanced compared to that of polymer/pectin at higher pectin concentrations. Overall, 
gel from solutions heated at lower pH values showed higher WHC for both complex 
and polymer/pectin gel. Improvement of WHC of complex gels was observed at high 
pectin concentrations across all pH values.  
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Figure 10. Water holding capacity of gels formed by WPI–pectin complex (dark grey) 
and polymer/pectin (light grey) at different pectin concentrations and different initial 
pH: (a) pH 7.0; (b) pH 6.5; (c) pH 6.2. 
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Whey proteins are extremely hydrophilic molecules since they are mainly formed by 
polar amino acids (Picone and da Cunha 2010). The WHC of polymer/pectin system 
decreased with increasing pectin concentration because higher pectin content 
enhanced the interaction between protein and pectin such that less hydrophilic sites 
remained available to bind water. During complex formation, the unfolding and 
aggregation of protein differs from that in the absence of pectin. In the previous 
chapter, it has been found that tyrosine residue became more exposed in the presence 
of pectin than protein alone, which could increase hydrogen bonding between 
biopolymers. As a result, in comparison with polymer/pectin, formation of complex 
could results in more hydrophilic sites exposed on the surface of protein, further 
favored the water binding during gelation. 
4.3.5 CLSM 
CLSM images of gels formed from samples with different initial pH were shown in 
Fig. 5. No difference in microstructure was observed between gels made from pure 
whey protein with different initial pH values. All microstructure were homogeneous. 
For gels made from solutions heated at the initial pH of 7.0, no phase separation was 
observed at pectin concentration of 0.1%, and gel microstructure was homogeneous 
and smooth. With increasing pectin concentration, gels became coarser, and micro 
phase separation was observed at 0.5% pectin concentration. At pectin concentrations 
of 0.25 and 0.5%, complex gel clearly showed smoother microstructure and less phase 
separation than polymer/pectin gels. This further supports the rheological data, which 
showed improved gel strength by complex formation at pH 7.0. In the case of pH 6.5, 
all gels were homogenously smooth at 0.1% and 0.25% pectin. Although the 
coarseness of the gel increased with higher pectin concentration, the gel 
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microstructure was less phase-separated than that at pH 7.0, and complex gel had less 
porosity than polymer/pectin gel at pectin concentration of 0.5%. With regard to pH 
6.2, the microstructures of gels with 0.1 and 0.25% pectin showed homogenous 
protein network. Similarly, phase separation occurred at 0.5% pectin concentration for 
polymer/pectin gel, while complex gel was still homogeneous. 
For gels formed by WPI/pectin complex at pH 6.5, the microstructure was less coarse 
than that at pH 7.0. This is probably a result of a shorter time available for the phase 
separation. During acidification the molecular interactions associated with protein and 
pectin molecular rearrangements occurred simultaneously with the pH lowering. For 
samples with initial pH of 7.0, there was enough time for protein and pectin to interact 
and consequently the network structure was more organized. In the case of pH 6.5, the 
time it took to decrease the pH to the pI of the protein was much shorter than that of 
gels formed from solutions at pH 7.0, hence, gel microstructure was formed before 
sufficient molecular rearrangement, resulting in less phase separation. Comparable 
results were obtained by de Jong and others (2009), who found that at higher 
incubation temperature the microstructure of the final gel was less coarse because 
higher acidification rate resulted in a shorter time available for phase separation. 
Similar pattern was observed for pH 6.2 at 0.1% and 0.25% pectin concentration. 
However, polymer/pectin gel showed severe phase separation at highest pectin 
concentration probably due to the large particle formation before acidification. At pH 
6.2, WPI carries less net negative charges than higher pH, resulting in less repulsion 
between protein and protein and protein and pectin which further led to large cross-
linked particles with low solubility. 
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Figure 11. Confocal images of WPI–pectin complex gel vs. polymer/pectin gel at 
different pectin concentrations and different initial pH 7.0, 6.5, and 6.2. 
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The difference in the acidification rate among samples with different initial pH are 
also responsible for the results obtained in the rheological properties, where complex 
at pH 7.0 showed significantly improvement in gel strength compared to 
polymer/pectin, with the highest gel strength observed at pectin concentration of 
0.25%. As shown in their microstructure, although no phase separation was observed 
under such pectin concentrations, polymer/pectin gels showed coarser network. 
CLSM images of polymer/pectin gels also exhibited lower degree of interconnectivity 
than complex gels, which could lead to decreased number of the effective strands and 
thus weaker gel network. Correspondingly, lower degree of interconnectivity also 
resulted in smaller G′ of polymer/pectin gels compared to complex gels. At initial pH 
of 7.0, the period in which the systems were kept at pH > pI is longer than other two 
pH values. In such a condition, the thermodynamic incompatibility was favored 
among the polymer and pectin during acidification, resulting in more discontinuous 
structure. However, the enhanced interaction between protein and pectin in complex 
samples retard the micro phase separation, leading to more homogeneous gel structure 
with improved gel strength. On the contrast, no improvement of gel strength was 
observed at pH 6.5 and 6.2. The period for the system to reach pI was much shorter 
for systems at pH 6.5 and 6.2, hence there is not enough time for the phase separation 
before gelation occurs. Even if the electrostatic interaction between biopolymers was 
enhanced in complex at these pH values, it does not contribute to the final gel 
strength.  
The difference in WHC between complex gels and polymer/pectin gels could also be 
explained by their microstructures. Addition of pectin at low concentration to whey 
protein aggregates had no effect on WHC of WPI–pectin mixed systems, while high 
pectin concentration had severe adverse effect on WHC. At high pectin 
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concentrations, the effect of thermodynamic incompatibility dominates, which 
promotes the micro-phase separated structure with a coarse network which can be 
seen from its microstructure, leading to a lowered WHC. Microstructures of complex 
gels exhibited homogenous networks with considerably low porosity even at high 
pectin concentrations, resulting in higher WHC than polymer/pectin gels at all pH 
values. 
The microstructure of protein/polysaccharide mixed gels mainly depends on the 
nature of polysaccharides and biopolymer ratio. It has been reported that when the 
biopolymer concentrations increase such that they exceed a certain critical value, the 
large size and rigidity of the macromolecules may lead to thermodynamic 
incompatibility and finally phase separation (Picone and da Cunha 2010). In this 
study, phase separation was not observed until pectin concentration reached 0.5%. 
The porosity of polymer/pectin gels at such pectin concentration is attributed to an 
obstruction of protein-protein interaction by pectin. However, complex gels at this 
pectin concentration showed much less porosity and smoother network, and no 
incompatibility seemed to occur. In addition, the repulsion between protein and pectin 
is positively related to the pH of the solution. The enhanced association between 
biopolymers at low pH values explains the change from a coarse strand, phase 
separated to a homogeneous microstructure upon lowering the initial pH from 7.0 to 
6.2.  
There are several benefits regarding to the application of soluble protein–pectin 
complex. Firstly, the enhanced gel strength and water holding capacity of complex gel 
has its potential to be applied in novel high protein low pH gel products. Pectin has 
been used in high protein yogurt as stabilizer, but usually is added after protein is 
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heated. By heating whey protein and pectin together to form the soluble complex, it is 
highly possible that it could improve the texture of the yogurt, as well as reduce the 
syneresis by improving the water holding capacity of the protein. Secondly, during the 
mixing of polymer and pectin, we observed that it took much longer time for pectin to 
dissolve in the polymer than in the native protein solution as for complex preparation. 
4.4 Summary  
This study demonstrated that gelation properties of whey protein/pectin mixed 
systems were improved by heated soluble complex formation, which has not been 
shown previously. Heating whey protein and pectin together to form the soluble 
complex promoted the interactions between the two biopolymers, which resulted in 
better gel microstructure having less porosity and smoother network. The extent of the 
interaction between protein and pectin was greatly influenced by the initial pH of the 
complex. The mechanical properties of gels were improved by forming complex at 
pH 7.0, while no difference was observed between complex gel and polymer/pectin 
gel at initial pH of 6.5 and 6.2. At all the three pH values studies, complex gels 
showed improved water holding capacity than polymer/pectin gels, especially at high 
pectin concentrations (> 0.15%).   
 61
CHAPTER 5 
ACID-INDUCED GELATION PROPERTIES OF HEATED WHEY 
PROTEIN−PECTIN SOLUBLE COMPLEX (PART II): EFFECT OF 
CHARGE DENSITY OF PECTIN 
5.1 Introduction 
Gelation is an important functional property of protein in food applications. Although 
heat-induced gelation is the most extensively applied method, cold gelation has the 
advantage that such process allows gel structures to be introduced without heating the 
final product, and gels are formed at low protein concentration with fine-stranded 
structure (Rabiey and Britten 2009). Cold gelation is a two-step process: formation of 
protein aggregates by heating a protein solution, and gelation of these aggregates by 
reducing the electrostatic repulsion (Alting and others 2003). Gel properties could be 
altered by addition of polysaccharides before the second step of cold gelation 
(Bertrand and Turgeon 2007; de Jong and van de Velde 2007; Matia-Merino and 
Singh 2007; Picone and da Cunha 2010). Several studies have reported cold gelation 
of mixed whey protein/polysaccharide systems, which yield a wide range of different 
microstructures, depending on the processing parameters (preheating temperature and 
time), properties of protein and polysaccharides (size, conformation, and charge 
density), biopolymer ratio, and the nature and strength of protein/polysaccharide 
interactions (Spahn and others 2008; Cavallieri and Cunha 2009; de Jong and others 
2009; van den Berg and others 2009b).  
The charge density of polysaccharides has been found to be the dominant factor that 
determines gel microstructure. Gels with continuous/bicontinuous, coarse stranded, 
and homogenous microstructure are formed by addition of polysaccharides with low, 
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intermediate, and high charge density, respectively (de Jong and van de Velde 2007). 
The mechanism behind the microstructure formation in mixed whey 
protein/polysaccharide cold-set gel is believed to be the competition between the 
gelation of protein aggregates and phase separation of polysaccharides (de Jong and 
others 2009). In these studies of acid induced gelation of whey protein/polysaccharide 
systems, protein and polysaccharides are heated separately before acidification, which 
might limit the interactions between biopolymers. Studies have shown that the degree 
of interaction between protein aggregates and polysaccharides decreases with 
decreasing the charge density of polysaccharides, and neutral polysaccharides have no 
interaction with protein (de Jong and others 2009). The limited interaction could be 
responsible for the phase separation occurred in the final gel microstructure, 
especially for the one with low charged polysaccharides. Previously, we have shown 
that interactions between protein and polysaccharides could be enhanced by heating 
the biopolymers together to form heated soluble protein–polysaccharide complex. In 
complex formation, unfolding of protein during heating exposes the positively 
charged local domains on protein, allowing the interactions with anionic 
polysaccharides. Therefore, the resulting complex could potentially improve the 
gelation properties of protein/polysaccharide mixed system (Zhang, Hsieh and 
Vardhanabhuti, 2014). On the other hand, the presence of polysaccharides in the 
protein solution during heating might lead to the alteration of the properties of protein 
aggregates, such as size, shape and conformation (Vardhanabhuti and others 2009; 
Zhang and others 2004; Galazka and others 1999). Since cold gelation of protein is 
significantly affected by the protein aggregate characteristics (Ju and Kilara 1998; 
Alting and others 2004b; Eissa and Khan 2005; Sağlam and others 2012), modifying 
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the characteristics of protein aggregates during the formation of heated soluble 
complex could also alter cold gelation properties of whey protein.  
Charge density of polysaccharides plays very important role in determining the 
strength of the electrostatic interactions between protein and polysaccharides during 
heated soluble complex formation. Studies using low methoxyl pectin vs. high 
methoxyl pectin (Maroziene and De Kruif 2000; Pereyra and others 1997; Surh and 
others 2006), and λ-carrageenan vs. ι- or κ-carrageenan (Drohan and others 1997; 
Lizarraga and others 2006; Roesch and others 2004; Dickinson and Pawlowsky 1997) 
have well demonstrated that the interactions between protein and polysaccharides are 
highly determined by the charge density of the polysaccharides. Furthermore, 
polysaccharides with low charge density only interact with proteins if they adopt a 
more charged ordered conformation as opposed to a less charged disordered 
conformation (Schorsch and others 2000). Hence, it has been proposed that there is a 
critical balance between the polysaccharide linear charge density and stiffness where 
the optimum interaction between protein and polysaccharides would occur (Doublier 
and others 2000).  
In Chapter 4, heated whey protein–pectin soluble complex with different degree of 
interactions were formed by heating whey protein and pectin together at different pH 
values (7.0, 6.5, and 6.2). Particle size measurements showed that the resulting 
complex differed in size from heated whey protein polymer with added pectin 
(polymer/pectin). Zeta-potential measurements indicated that addition of negatively 
charged pectin to protein decreased the overall zeta potential which was an indication 
of complex formation due to electrostatic interactions. Results showed that complex 
was more negatively charged than polymer/pectin. It is possible that, during heating, 
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more pectin molecules were attached to protein surface, increasing the potential 
difference between the dispersion medium and the surface of the dispersed particles 
and resulting in more negative zeta-potential values. Complex at pH 7.0 formed finer 
and smoother gel microstructure with improved mechanical properties than 
polymer/pectin gel. Heating at pH 6.5 and 6.0 was expected to promote the 
interactions between whey protein and pectin than pH 7.0, and complex gels had 
higher water holding capacity (WHC) than polymer gels at high pectin concentrations.  
The effect of pH confirms that the degree of electrostatic interaction during complex 
formation plays a role in the complex characteristics and the final gel properties.  
The goal of this study was to investigate the effect of charge density of pectins on 
acid-induced gelation of heated whey protein–pectin soluble complex. Since the 
major difference observed between complex and polymer/pectin in previous study 
was at pH 7.0, this pH value was used here to investigate the effect of charge density. 
Pectins used had a degree of esterification (DE) ranging from 35% – 72% 
corresponding to charge density from 0.7 - 0.3 mol negative charge per mol 
monosaccharide. The higher the degree of esterification, the lower the charge density 
of pectins. Mechanical properties, water holding capacity, along with microstructures 
of gels formed by heated whey protein–pectin soluble complex were studied as a 
function of pectin types and biopolymer ratios, and they were compared to 
polymer/pectin gels. 
5.2 Materials and Methods 
5.2.1 Materials 
Whey protein isolate (WPI) BiPRO was kindly provided by Davisco Foods 
International Inc. (Le Sueur, MN). As stated by the manufacturer, the powdered WPI 
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was constituted of 97.9 wt% protein, 2.1 wt% ash, and 0.3 wt% fat (dry weight basis) 
and 4.7 wt% moisture (wet weight basis). Pectins (LM-12, LM-22, HM-D, and HM-B 
with 35, 50, 64, and 72% DE values, respectively) were donated by CPKelco Inc. 
(Lille Skensved, Denmark). Thus, the order of charge density was from the highest 
(LM-12) to the lowest (HM-B). As stated by the manufacturer, the molecular mass of 
pectin is in the range of 110 – 170 kDa for all types of pectin used in this study. 
Glucono-δ-lactone (GDL) was purchased from Sigma-Aldrich (St. Louis, MO). All of 
the chemicals used were of analytical grade.  
5.2.2 Sample preparation 
WPI stock solution (10% w/w) was prepared by dissolving WPI in Millipore water 
(18.2 MΩ) with continuous stirring at least one hour at room temperature (25 oC). 
Pectin stock solution (4%) was prepared by dissolving pectin on hot magnetic stirring 
plate (85 oC) for 2 h under continuous stirring. Both protein and pectin stock solutions 
were stored at 4 oC overnight for complete hydration. 
Heated soluble complex: Stock solutions of WPI and pectin were mixed at appropriate 
amount in 50 mL beaker and their pH was adjusted to 7.0. Deionized (DI) water was 
added such that the final protein concentration was 6% (w/w) and pectin 
concentration ranging from 0.06 – 0.6% (w/w). The mixtures were gently stirred at 
room temperature for 2 h before heated in a temperature-controlled water bath at 85 
oC for 30 min and cooled using running tap water. DI water was added to all the 
samples to produce the final protein concentration of 5% and pectin concentration 
ranging from 0.05% to 0.5% (w/w). Samples were kept at 4 oC for 18 h for complete 
interaction between protein and polysaccharides before GDL addition. 
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Polymer/pectin: Polymer was prepared by incubating the WPI solution with an initial 
concentration of 6% (w/w) and pH 7.0 in portions of 50 mL beaker at 85 oC for 30 
min. After polymer solutions were cooled using running tap water, stock pectin 
solutions were added at appropriate amount and their pH was adjusted to 7.0.  DI 
water was added such that the final protein concentration was at 5% (w/w) and pectin 
concentration ranging from 0.05% to 0.5% (w/w). Samples were gently stirred at 
room temperature for 2 h and then kept in the refrigerator for 18 h for complete 
interaction between protein and polysaccharide before GDL addition. 
Acid-induced gelation: GDL was added to heated soluble complex and polymer/pectin 
at different GDL/WPI ratio to reach a final pH of 4.7 ± 0.1 after 24 h of incubation.  
The mixtures were stirred for 2 min and then 1.5 mL of the sample was taken out to a 
centrifuge tube for water holding capacity measurement. All of the samples covered 
with parafilm were left overnight at 4 oC.  After 24 h, gels were removed from the 
refrigerator and left to warm up to room temperature for 2 h before analysis.  
5.2.3 Particle size and zeta-potential 
The average particle size diameter and electrical charge (zeta-potential) of complex 
and polymer/pectin was measured by dynamic light scattering using the Zetasizer 
Nano ZS (Zetasizer Nano ZS, Malvern Instruments Ltd., Worcestershire, United 
Kingdom). For zeta-potential measurement, samples were used without dilution. The 
zeta-potential are reported as the average and standard deviation of measurements 
made on two freshly prepared samples, with three readings made per sample. Samples 
were diluted with DI water to a final protein concentration of 0.3% for particle size 
measurement. The size of the particles was reported as the z-average mean diameter.  
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5.2.4 Large deformation properties 
Complex and polymer/pectin (36 mL) were used to form 30-mm-thick gels. Gelation 
was induced by the addition of GDL as previously described in section 2.2. Large 
deformation properties were performed using a texture analyzer (TA-Hdi, Texture 
Technologies Corp, Scarsdaie, NY) with a 5-kg load cell and 13-mm-diameter 
cylindrical plunger. Before analysis, samples were equilibrated at ambient 
temperature for 2 h. The penetration distance was fixed to 10% of the original gel 
thickness with a deformation rate of 10 mm/s. The force required to maintain the 10% 
strain was recorded for 480 s. All treatments were run in triplicate. 
5.2.5 Water holding capacity 
Gel samples (1.5 g) in the centrifuge tube were used to measure water holding 
capacity. Loss of water was determined from the gel weight before and after 
centrifugation at 10 000 × g for 10 min. The WHC value was calculated by weight 
difference: 
 
where mgelwater  is the amount of water in gel before centrifugation (g) and 	mlosswater is the 
amount of water lost during centrifugation. All measurements were done in triplicate. 
5.2.6 Confocal laser scanning microscopy (CLSM) 
For CLSM imaging, samples were stained with Rhodamine B solution (20 µL of a 0.2 
wt% solution/mL of sample) prior to acidification. After GDL addition, 
approximately 70 µL of the dyed protein solution was placed into a laboratory-made 
welled slide, covered with a 0.17 mm coverslip. Samples were allowed to gel at 4 oC.  
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CLSM images were recorded at room temperature with a Zeiss LSM 510 META 
confocal laser scanning microscope (Carl Zeiss, Jena, Germany) with 100× and 63× 
water immersion objectives. An Ar/Kr visible light laser was used with an excitation 
wavelength of 543nm. Digital image files were acquired in 1024 pixels × 1024 pixels. 
Z-stacks of xy-scans were recorded between 3 and 60 µm penetrations, with an 
interval of 3 µm. The reported images in this paper were recorded at a penetration 
depth of 18 µm. 
5.2.7 Scanning electron microscopy (SEM) 
Gels formed in 50 mL beaker were cut into pieces (5 × 5 × 5 mm) using a surgical 
blade. Gel specimens were then fixed in 2.5% glutaraldehyde/0.1 M sodium 
cacodylate buffer solution at 4 oC overnight, followed by rinses three times (15 min 
each) in 0.1 M cacodylate buffer. Washed gel specimens were dehydrated in a series 
of aqueous ethanol solutions ranging from 30% to 100%, critical point dried, mounted 
on aluminium stubs and finally coated with 10 nm of platinum. SEM studies were 
carried out using a FEI Quanta 600 F (FEI Company, Hillsboro, OR) extended 
vacuum scanning electron microscope. In all cases, acceleration voltage of 10 kV was 
used. Digital micrographs, acquired at magnification ranging between × 3000 and × 
10000 were captured. 
5.2.8 Statistical analyses 
All the experiments were replicated and the results were evaluated using an analysis 
of variance (ANOVA) and the significant differences (p <0.05) between different 
samples were determined by the Duncan’s procedure using SPSS software (SPSS 
Inc., Ver. 19, Chicago, IL). 
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5.3 Results and Discussion 
5.3.1 Particle size and zeta-potential 
The particle size of complex and polymer/pectin formed by LM-12 and HM-B pectins 
with highest and lowest charge density, respectively, is shown in Figure 12.  For LM-
12 pectin, the size of both complex and polymer/pectin increased with increasing 
pectin concentrations. Complex showed larger size than polymer/pectin, especially at 
high pectin concentrations. The difference in the size indicates that aggregates formed 
from heating protein and pectin together were different from those from 
polymer/pectin. A considerable less difference in particle size between complex and 
polymer/pectin was detected with HM-B pectin, suggesting greater effect of high 
charged pectin than low charged pectin on the aggregation of protein.  
                                 
(a) 
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Figure 12. Z-average diameter of complex (■) and polymer/pectin (▲): (a) pectin 
LM-12; (b) pectin HM-B. 
The results of zeta-potential of complex and polymer/pectin were shown in Table 1. 
Zeta-potential of polymer (WPI heated alone) is -26.50 ± 0.70 mV, indicating protein 
molecules were negatively charged above its isoelectric point. LM-12 pectin at neutral 
pH was also negatively charged, and addition of LM-12 pectin in whey protein 
resulted in decreasing zeta-potential for both complex and polymer/pectin samples. At 
low pectin concentration (0.1%), no significant difference was observed between 
complex and polymer/pectin, while complex had higher negatively charges than 
polymer/pectin at high pectin concentrations. The possible reason is that more pectin 
attached on positively charged domain of protein in complex than polymer/pectin, 
increasing the potential difference between dispersion medium and the dispersed 
particles, showing more negative values. With regard to HM-B pectin, the only 
difference was observed at the highest pectin concentration, where complex also 
showed lower zeta-potential than polymer/pectin.  
Table 7. Zeta-potential of soluble complex and polymer/pectin with LM-12 and HM-
B pectin at different pectin concentrations. 
(b) 
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Pectin Pectin% Complex Polymer/pectin 
LM-12 0.1 -29.35 ± 0.05de -29.70 ± 0.15e 
0.25 -31.10 ± 0.7b -29.25 ± 0.2e 
0.5 -34.85 ± 0.95a -30.95 ± 0.01bcd 
HM-B 0.1 -28.85 ± 0.2cde -28.80 ± 0.3e 
0.25 -28.70 ± 0.15de -28.80 ± 0.3e 
0.5 -30.20 ± 0.35bc -28.90 ± 0.01de 
 
All of the values are the means ± standard deviations of at least three measurements. 
Different letters at the same pH values indicate significant differences (p < 0.05). 
Even though protein is net negatively charged at pH 7.0, there are several sites on the 
protein that impart positive local charge which could interact with pectin. The 
measurements of both particle size and zeta-potential indicate that, compared to 
polymer/pectin, the electrostatic interactions between protein and pectin were 
enhanced by forming complex, especially at high pectin concentrations. This is 
because at high pectin concentrations, there are sufficient pectin molecules to interact 
with positively charged residues on protein during complex formation as shown by 
lower zeta-potential compared to polymer/pectin where the availability of interactions 
is limited. In addition, higher charged pectin has more interactions with protein than 
lower charged pectin. As shown in Table 1, the impact of HM-B pectin on zeta-
potential was not as notable as LM-12 pectin. 
5.3.2 Gel strength 
Gel strength as a function of pectin concentration is shown in Figure 13. For gels 
formed by LM-12 pectin (Figure 13 a), the strength of the gel (as indicated by the 
initial force from texture analysis) increased with increasing pectin concentrations 
from 0.05% to 0.25%, but decreased at higher pectin concentrations. For high charged 
pectin (LM-12), complex gels showed improved gel strength compared to 
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polymer/pectin gels across all pectin concentrations. All LM pectin-containing 
samples were self-supporting for both complex gels and polymer/pectin gels. In the 
case of pectin LM-22 (Figure 13 b), the hardness of polymer/pectin gels was not 
significantly affected by the addition of pectin at low concentration (< 0.25%), but 
increased at higher pectin concentrations.  
 
 
 73
 
 
Figure 13. Gel hardness of complex gel (■) and polymer/pectin gel (▲) at different 
pectin concentrations: (a) pectin LM-12; (b) pectin LM-22; (c) pectin HM-D; (d) 
pectin HM-B. 
Different phenomenon was observed for low charged pectins. For gels containing 
pectin HM-D and HM-B (Figure 13 c and 13 d), gel hardness decreased at low pectin 
concentrations, but increased at higher pectin concentrations. At 0.5% HM-D and > 
0.375% HM-B, polymer/pectin samples were viscous liquid; however, all samples 
made by complex formed self-supporting gels. The polymer/pectin results obtained in 
this study were different from what were observed in de Jong and van de Velde 
(2007) study, where gel hardness decreased with increasing pectin concentration for 
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all pectin-containing samples, except the 37% DE pectin. The difference observed 
could be explained by the different protocols used in the gelation process, as well as 
the different total biopolymer concentrations.  
5.3.3 Water Holding Capacity (WHC) 
Figure 14 shows the WHC of gels. The WHC of WPI polymer gel was 93.1%. For all 
pectins studied, addition of pectin at low concentration did not significantly affect 
WHC values, but high pectin concentration remarkably decreased WHC of the gel. 
Critical pectin concentrations where WHC started to decrease were higher for 
complex gels compared to polymer/pectin gels. For example, WHC of polymer/pectin 
gels started to decrease at 0.25% LM-12 pectin (Figure 14 a), while complex gels 
showed a significant reduction in WHC only at 0.5% pectin. Similar pattern was 
observed for LM-22 pectin (Figure 14 b). In case of pectins with low charge density 
(Figure 14 c and 14 d), higher WHC value was observed for gels formed by complex 
than polymer/pectin, except HM-B at 0.25%, and the possible reason was discussed in 
the next section.  
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Figure 14. WHC of gels formed by complex (dark grey) and polymer/pectin (light 
grey: (a) pectin LM-12; (b) pectin LM-22; (c) pectin HM-D; (d) pectin HM-B. 
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We previously discussed the possible reasons responsible for the improved WHC of 
complex gels. Briefly, pectin LM-18 was used to form the complex at pH 6.2, 6.5 and 
7.0, and complex gels showed higher WHC than polymer/pectin at all three initial 
pHs. The enhanced interactions between protein and pectin during complex formation 
might expose more hydrophilic sites on the surface of protein, which could favor 
water binding during gelation. The charge density of LM-18 pectin is between LM-12 
and LM-22 pectins. Hence, for LM-12, we expected similar results as LM-18 since it 
carries even higher charge density. However, the improved WHC of complex gels 
was evident in all types of pectins, indicating that the interactions between 
biopolymers were also enhanced even with low charged pectins. 
5.3.4 Microstructure 
5.3.4.1 CLSM 
Confocal micrographs of acid-induced whey protein gels at three different pectin 
levels are shown in Figure 15. Bright red areas represent protein network stained by 
Rhodamine B, while the dark areas are the serum phase devoid of protein. For 
polymer/pectin gels, the confocal micrographs obtained were consistent with other 
references (de Jong and van de Velde 2007; Van den Berg and others 2007; van den 
Berg and others 2009b). Gels containing highly charged LM-12 pectin showed 
homogenous microstructure at pectin concentrations of 0.1% and 0.25%. Increasing 
pectin concentration to 0.5% led to more concentrated protein phase and the area of 
the serum phase increased, resulting in a coarsening of microstructure. For 
intermediate charged LM-22 pectin, phase separation was observed at pectin 
concentration of 0.25%. At higher pectin concentrations, a phase inversion to a pectin 
continuous gel occurred.  Low charged pectins, HM-D and HM-B, showed phase 
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separation even at 0.1% pectin concentration which became more pronounced at 
0.25% pectin. At highest pectin concentration the protein network was discontinuous, 
which resulted in a liquid product. 
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Figure 15. Confocal laser scanning microscopy images of gels formed by 
polymer/pectin and complex containing different types of pectin at pectin 
concentrations of 0.1%, 0.25% and 0.5%. 
Compared to polymer/pectin gels, gels formed by complex showed much smoother 
microstructure and less phase separation. At 0.1%pectin, homogenous microstructure 
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Polymer/ 
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Complex 
Pectin HM-B 
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Complex 
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was observed for all types of pectin. Although gel formed by polymer/pectin with 
intermediate and low charge density showed obvious phase separation at pectin 
concentration of 0.25%, gels formed by complex were homogenous despite the charge 
density of pectin. However, slightly coarsening of the microstructure was observed as 
a result of increasing DE values (decreasing charge density). For pectins with 
intermediate and low charge density, phase separation occurred at highest pectin 
concentration (0.5%), but protein network still formed.  
The microstructure of the gel is a result of the competition between gelation of the 
protein aggregates and the phase separation between protein aggregates and 
polysaccharide molecules (de Jong and others 2009). Addition of low charged pectin 
leads to pronounced phase separation in polymer/pectin gels due to the limited 
interaction between biopolymers. As the pH approaches the isoelectric point of the 
protein during acid-induced gelation, protein aggregates tend to crosslink, resulting in 
increasing in size of the aggregates. Therefore, phase separation is driven by the 
incompatibility of the two biopolymers. However, protein becomes more positively 
charged with decreasing the pH, which promotes pectin molecules to interact with 
protein. The interaction between protein and high charged pectin exceeds the 
incompatibility of the two components, resulting in homogenous microstructure with 
no phase separation, while the interaction between protein and low charged pectin is 
not sufficient to overcome the incompatibility, hence notable phase separation is 
observed. As shown from the microscopic images, complex formation significantly 
reduces the phase separation between protein and pectin molecules and promotes 
gelation of protein, especially for pectins with low charge density. Although the 
attractive interactions between protein and low charged pectin are not expected to be 
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as strong as for high charged pectin, the degree of interaction is sufficient to exceed 
the incompatibility and restrict the phase separation during gelation. 
The smaller pore size of complex gels could be responsible for the higher WHC of 
such gels when compared to polymer/pectin. Both complex and polymer/pectin gels at 
0.1% pectin are homogenous and continuous, showing similar WHC values. 
Increasing pectin concentrations from 0.25 to 0.5% in polymer/pectin systems 
containing high charged pectin, resulting in larger pores randomly distributed in the 
coarse protein network, leading to a decrease in WHC, while complex gels have much 
smaller pores and more continuous protein network, showing higher WHC than 
polymer/pectin (Figure 14 a and 14 b). With regard to pectin HM-D, small pores were 
observed in polymer/pectin gels with 0.1% pectin, resulting in lower WHC than 
complex gels which showed homogenous protein network (Figure 15). Similar link 
between microstructure and WHC were observed for pectin HM-B with 0.1% pectin. 
Increasing pectin HM-D concentration to 0.25% significantly increased the size of the 
pores and the protein network was condensed in local areas. This led to a reduction in 
WHC of the gels when compared to complex gels with the sample pectin 
concentration which only showed very small pores. Gel with 0.25% HM-B showed a 
unique microstructure, of which micro-phase separation resulted in large spherical 
pores. From visual observation, the gel was very rough and granular. In this case, 
protein phase was highly concentrated, which could explain the unusual WHC. 
5.3.4.2 SEM 
Due to the limited resolution of CLSM, the morphology of WPI aggregates (i.e. size, 
shape, and their connectivity) in gel could not be described (van den Berg and others 
2009b). In addition, the position of the pectin could not be determined because it was 
 81
not fluorescently labeled. Thus SEM was used to determine the location of the pectin 
as well as to characterize the protein aggregates and their connectivity in the network. 
Two different types of pectin (LM-12 and HM-B) with high and low charge density, 
respectively, were chosen to form complex and polymer/pectin gels, and the 
microstructures of the gels were monitored by SEM (Figure 16).  
Polymer/pectin gels with LM-12 pectin were composed of uniform spherical whey 
protein aggregates and some filamentous features, which could be pectin molecules 
(Figure 16 a). In studies where the microstructure of acid-induced gel of polymer and 
high methyl pectin were monitored by SEM, the authors claimed that the filaments 
shown on the SEM micrographs corresponded to pectin (van den Berg and others 
2009b). In another study of heated gelation of β-lactoglobulin and seed gum mixture, 
SEM micrographs showed that the globular proteins were connected to each other by 
a thin fibril of seed gum (Rafe and others 2013). Similar features were observed in 
this work. More signs of pectin were observed in polymer/pectin gels with HM-B 
(Figure 16 c). It has been reported that the negatively charged polysaccharides were 
not present in the serum phase as they interacted with the protein aggregates (Van den 
Berg and others 2007), and it is confirmed by the SEM micrographs obtained in this 
study. The protein aggregates and pectin shown on Figure 16 a and 16 c were both in 
the protein phase. It should be noted that polymer/pectin gel with HM-B pectin had 
high porosity and released high amount of serum as can be seen from CLSM images 
(Figure 4). Large holes were observed under SEM microscope with much lower 
magnification (data not shown), corresponding to the serum phase without water after 
critical point drying.  
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Figure 16. SEM micrographs of gels formed by polymer/pectin (left rows) and 
complex (right rows): (a) 5% polymer/0.25% pectin LM-12; (b) 5% polymer/0.25% 
pectin HM-B; (c) complex (5% protein/0.25% pectin LM-12); (d) complex (5% 
protein/0.25% pectin HM-B). 
As stated above, protein aggregates start to assemble first during gelation, and then as 
the pH decreased towards the isoelectric point of the protein, pectin starts to interact 
with protein aggregates since more positively charged patches on protein are exposed 
during the lowering of pH. Finally, at pH 4.8 all of the pectin bound to the protein 
constituents and the microstructure is kept at non-equilibrium state due to the gelation 
of protein. Pectin carrying higher charge density starts to interact with protein at 
earlier stage and the degree of the interaction is stronger than pectin with low charge 
density. This could be the reason why much less pectin was observed in LM-12 
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samples because the majority of them were buried inside the protein network. For 
HM-B, the interaction between protein and pectin started at a much lower pH than 
LM-12, where gelation of protein phase could already occur, hence, most pectin was 
distributed in the protein phase instead of being buried inside the protein network.  
The microstructural features of complex gels (Figure 16 b and 16 d) were 
significantly different from polymer/pectin gels. For both LM-12 and HM-B pectins, 
complex gels showed much larger strands and higher degree of interconnectivity 
between protein aggregates. No pectin was observed on both images, indicating that 
the higher degree of interaction between protein and pectin leads to finer protein 
network and much smaller pores. Even for HM-B pectin with low charge density, no 
single sign of pectin was visible, indicating that all of the pectin molecules were 
bound to protein before gelation, and buried inside the protein network in the final 
gel. During complex formation, pectin already had some extent of interaction with 
protein, and the interactions were further enhanced during lowering of the pH, which 
made the degree of interconnection among protein aggregates as well as protein and 
pectin much higher than polymer/pectin. At the final pH of 4.8, all of the pectins were 
buried in the large protein strands.  
Comparing the differences of microstructures between complex and polymer/pectin 
from both CLSM and SEM images, it can be concluded that the enhanced interactions 
between protein and pectin in complex are responsible for the finer gel 
microstructure. In case of polymer/pectin samples, the solution starts to phase 
separate into protein and serum phase due to the thermodynamic incompatibility 
between the protein and pectin, and then as the pH reaches towards the isoelectric 
point of WPI, the negatively charged pectin starts to interact with the positively 
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charged protein. In gels containing high charge density pectin, the phase separation is 
restricted because the interaction between protein and pectin starts at early stage and 
the degree of the interaction is high. Pectin with low charge density has much less 
interactions with protein, hence, higher extent of phase separation is observed. For the 
complex samples, there are likely some interactions between protein and pectin during 
heating. As a result, the early stage of phase separation is reduced, even for pectin 
with low charge density. When the pH decreases towards the isoelectric point of WPI, 
the negatively charged pectin further interacts with positively charged protein, and the 
aggregation of protein dominates over the segregative phase separation between 
protein and pectin, which leads to large strand formation and restricted phase 
separation. 
The observed enhanced gel hardness and water holding capacity by forming complex 
coincides with the microstructure obtained by CLSM and SEM. The modulus of the 
gels is proportional to the number of the effective strands and the modulus of the 
strands (de Jong and van de Velde 2007; Van Vliet 1998). For gels containing LM 12 
and LM-22 pectins, both complex gels and polymer/pectin gels were homogenous and 
no obvious phase separation was observed, hence, the modulus of the gel was mainly 
dominated by the modulus of the strands. The higher modulus of complex gels was 
due to the higher degree of interactivity between protein and pectin as shown by SEM 
images (Figures 16 a and 16 b). In case of HM pectins, polymer/pectin gels showed 
apparent phase separation. Phase separation forced the protein and polysaccharide 
into local areas of increased concentration, which affected both the number of 
effective strands as well as the modulus of the strands. The modulus of the strands 
increased due to increased local protein concentration, whereas the number of 
effective strands decreased. The difference in gel modulus between complex gel and 
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polymer/pectin gel was not significant at low pectin concentrations. However, the 
condensed protein strands were responsible for the much lower water holding 
capacity of polymer/pectin gels compared to complex gels. For gel formed by 
polymer with 0.25% HM-B pectin, the large serum pores indicated the highly dense 
strands with high modulus. Though modulus was high, the texture of the gel was very 
coarse due to the large serum phase in the structure. 
5.4 Summary 
This study demonstrates the benefits of forming heated whey protein–pectin soluble 
complex in improving the acid-induced gelation properties of whey 
protein/polysaccharide mixed systems. The results reveal that gelation properties of 
complex depend on both charge density and concentration of pectin. Both complex 
and polymer/pectin gels showed coarsening of protein network with higher phase 
separation and decreased water holding capacity with increasing pectin concentration. 
Regardless of pectin charge density, complex gels showed smoother gel network with 
lower phase separation and improved water holding capacity, especially at high pectin 
concentrations. With intermediate or high charge density pectins, gel strength was 
higher for complex gels compared to polymer/pectin gels across all pectin 
concentrations. For pectins with low charge density, no significant difference in gel 
strength was observed but complex formed self-supporting gels at high pectin 
concentration while polymer/pectin could not due to high degree of phase separation.  
According to SEM results, complex gels had larger protein strands and higher 
biopolymer interconnectivity, which could be responsible for the higher gel strength. 
Heating mixed whey protein-pectin during complex formation led to enhanced 
interactions between protein and pectin, resulting in improved gelation properties. 
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CHAPTER 6 
INTRAGASTRIC GELATION OF WHEY PROTEIN–PECTIN ALTERS 
DIGESTIBILITY OF WHEY PROTEIN DURING IN VITRO PEPSIN 
DIGESTION  
6.1 Introduction 
Protein digestion is highly influenced by several factors including gastric conditions 
(pH and enzyme activity), protein structure, and the presence of other food 
components in the gastrointestinal (GI) tract. Studies have shown that structural 
changes of protein induced by food processing such as heating and high pressure 
treatment can affect rates and patterns of proteolysis. Native β-Lactoglobulin (β-lg) is 
very resistant to pepsin and chymotrypsin digestion, while thermal treatment 
significantly increased protein digestibility attributed to the enhanced accessibility of 
the specific peptide bonds to the enzymes (Stănciuc and others 2008; Peram and 
others 2012; O’Loughlin and others 2012a). Digestion of protein-based emulsions has 
gained more interest in recent years (Tunçtürk and Zorba 2006; Sarkar and others 
2009; Sarkar and others 2010). Studies showed that the proteolysis rate of β-lg 
increased when protein was presented in an emulsion due to the adsorption of protein 
to the oil-water interface, and the resulting partial unfolding of protein improved its 
accessibility to pepsin (Mackie and Macierzanka 2010). The presence of surfactants 
could further enhance protein hydrolysis through modification of the surface 
conformation of the proteins and weakening the interconnected surface network 
(Maldonado-Valderrama and others 2010). Through conformational changes and 
interaction with other components during food processing, the digestion pattern of 
proteins could be altered. 
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Dietary fiber is the edible, nondigestible component of carbohydrates and lignin that 
is intrinsic and intact in plants (Slavin 2003). Not only could they not be digested in 
the stomach, but some viscous dietary fibers such as gums, pectins, and  β-glucans 
also induce thickening and increase viscosity of intestinal contents.(Dikeman and 
Fahey Jr 2006) The degree of thickening when dietary fibers are exposed to gastric 
fluid depends on the chemical composition and concentration of the polysaccharides 
(Dikeman and others 2006). Bakalis and others (2007) showed that guar gum 
increased the viscosity of the fluid and decreased the uptake of other nutrients in a 
simulated model of human intestine. It is believed that the modified absorption rate of 
nutrients and thus prolonged presence of nutrients in the small intestine affects the 
gastric emptying and signaling to the central nervous system which controls satiety 
hormone release.  
Though the digestion behavior of protein and polysaccharides in the GI tract has been 
well studied respectively, few focused on the protein/polysaccharide mixed system. 
The gastric behavior of the each macromolecule could be influenced by the presence 
of the other(s). For native β-lg, addition of gum arabic, low methylated (LM) pectin 
and xylan increased the N release during pepsin hydrolysis due to the reduced 
aggregation and increased solubility of β-lg caused by the formation of electrostatic 
complex between polysaccharides and protein (Villaume and others 2004; Nacer S 
and others 2004). With regard to heated β-lg, a decrease of β-lg degradation in the 
presence of pectin was observed, probably induced by local protein/pectin 
interactions, which decrease the accessibility of cleavage sites to pepsin (Peyron and 
others 2006). The interactions between protein and polysaccharides are mainly driven 
by electrostatic attraction and highly depend on the nature of the macromolecules 
(such as size, conformation, and charge density), heating pH, biopolymer ratio and 
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total biopolymer concentrations. None of the current studies has fully investigated 
how protein/polysaccharide mixed systems with different extent of biopolymer 
interactions impact their digestion behavior. Furthermore, the effect of 
polysaccharides on digestibility of protein is often assessed in diluted systems (Peyron 
and others 2006; Polovic and others 2007; Polovic and others 2009), which might 
overlook the intragastric gelation properties of the polysaccharides. 
Protein has been shown to induce satiety and thus could potentially be used for weight 
management. Though the mechanism is still unclear, the physicochemical properties 
of protein may play a role in the sensation of fullness and gastric emptying. The 
presence of polysaccharides in protein matrix could induce physical and 
conformational changes of protein, thus affecting the digestibility of protein because 
the accessibility of cleavage sites to protease on protein could be altered through 
electrostatic interactions with polysaccharides. On the other hand, it has been 
suggested the gastric emptying rate plays important role in short-term food intake. 
Foods with slow degradation rate in stomach might delay gastric emptying, thus 
increase the felling of fullness. It has been reported that some viscous polysaccharides 
could form intragastric gel at certain concentrations and delay gastric emptying. 
Considering the oppositely charged protein and polysaccharides under gastric 
conditions, it is highly possible that aggregation or even gelation could occur, which 
might change digestion profile of protein and delay gastric emptying.  
Accordingly, the aim of this study is to investigate the effect of polysaccharides on in 
vitro gastric digestion of protein using whey protein–pectin with different extent of 
biopolymer interactions as a model system. LM pectin was chosen not only because it 
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is highly negatively charged which would favor attractive interactions with protein, 
but also due to its intragastric gelation properties as a viscous dietary fiber.  
6.2 Material and Methods 
6.2.1 Materials 
Whey protein isolate (WPI) was kindly donated by Davisco Food International 
(BiPro, Le Sueur, MN). As stated by the manufacturer, the powdered WPI was 
constituted of 97.9 wt% protein, 2.1 wt% ash, and 0.3 wt% fat (dry weight basis) and 
4.7 wt% moisture (wet weight basis). Pectin LM-12 was the gift from CP Kelco Inc. 
(Atlanta, GA). It is derived from citrus peels, and has a degree of methyl esterification 
of 35%. Pepsin was obtained from Sigma-Aldrich (St. Louis, MO). Unless otherwise 
stated, all of the chemicals used were of analytical grade. 
6.2.2 Heat treatment of WPI–pectin 
Whey protein stock solution (10% w/w) was prepared by dissolving WPI in Millipore 
water (18.2 MΩ) with continuous stirring for 2 h at ambient temperature. Pectin LM-
12 stock solution (4%) was prepared by dissolving pectin in Millipore water at 85 oC 
for 2 h under continuous stirring. The stock solutions were then kept in the 
refrigerator (4 oC) overnight for complete hydration. Stock solutions of WPI and 
pectin were mixed to obtain 5% w/w protein and pectin to WPI weight ratio of 0.05 
and 0.2 (0.25% and 1% w/w pectin, respectively) and their pH was adjusted to 6.0, 
and 7.0. The mixtures were gently mixed before being heated in a temperature-
controlled water bath at 85 oC for 30 min and cooled using running tap water.  
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6.2.3 In vitro pepsin digestion 
The simulated gastric fluid (SGF) consisted of 0.034 M NaCl and the pH was adjusted 
to 1.2 using HCl. Pepsin solution was prepared freshly for each assay by dissolving 
pepsin in SGF by vortexing several times over a period of 5 min and the resulting 
solution was placed on ice. The in vitro gastric model consisted of a conical flask (50 
mL) containing 5 mL of SGF-pepsin maintained at 37 oC with continuous shaking at 
95 rpm/min in a temperature-controlled water bath. The SGF-pepsin solution was pre-
incubated for 5 min before an addition of 3 mL of WPI–pectin solutions. The ratio of 
pepsin to WPI was 1:250 on a weight basis. For WPI–pectin with 0.25% pectin, 
aliquots (100 µL) were withdrawn into Eppendorf vials containing 70 µL NaOH (0.1 
M) to inactivate the enzyme after 0, 2, 5, 10, 20, 30, 60, 120 min of incubation. For 
WPI–pectin with 1% pectin, gelation was observed after samples were mixed with 
SGF; therefore, samples were centrifuged to separate the supernatant. Hydrolyzed 
samples were withdrawn and placed on ice before centrifugation at 5000 g for 15 min 
at 4 oC. The pH of the supernatant was then adjusted to 7.0 using NaOH (1 M and 0.1 
M) to irreversibly inactivate the enzyme. Hydrolyzed protein content in the 
supernatant was measured at 280 nm using UV-visible spectrophotometer (McKinley 
Scientific, Sparta, NJ).  
6.2.4 Pectin content measurements 
Pectin content in the supernatant of samples with high pectin concentration was 
measured using colorimetric method described by Ibarz and others (2006). Briefly, 
0.5 mL of sample and 0.5 mL distilled water were placed on ice bath, followed by the 
addition of 6 mL of 0.0125 M sulphuric/tetraborate solution (sodium tetraborate 
0.0125 M in concentrated sulphuric acid). After the mixture was shaken in a vortex 
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mixer, they were heated in boiling water bath for 5 min, and then immediately placed 
on ice bath until reaching room temperature. Color was developed after the addition 
of 0.1 mL m-hydroxydiphenyl and incubation at room temperature for 20 min. 
Spectrophotometric absorbance at 520 nm was carried out, and the content of pectin 
was calculated according to the calibration curve obtained from pure pectin. Three 
replications were done for all samples.  
6.2.5 Visible-light turbidity measurements 
Turbidity measurements were carried out during pepsin digestion of WPI–pectin with 
low pectin concentration (0.25%). Samples (200 µL) were withdrawn and placed into 
a 96-well microplate after 0, 2, 5, 10, 20, 30, 60, 120 min of incubation without pH 
adjustment. Absorbance at 630 nm was immediately recorded using an Ultra 
Microplate Reader (BioTek Instruments Inc., Winooski, USA). SGF solution was 
used as a reference blank. At least three replications were conducted on each sample.  
6.2.6 Electrophoresis 
SDS-PAGE was carried out using a modified Laemmli method. Protein samples were 
solubilized in Laemmli sample buffer (Bio-Rad Laboratories, Hercules, CA) 
containing 5% β-mercaptoethanol. For native-PAGE, samples were solubilized with 
native sample buffer (Bio-Rad Laboratories). Gels (15% acrylamide for resolving gel 
and 4% acrylamide for stacking gel) were run in a mini Protein II electrophoresis 
system (Bio-Rad Laboratories) using an electrode stock buffer at a voltage of 120 V. 
Proteins were stained with Coomassie brilliant blue R250 in an acetic 
acid:isopropanol:H2O staining solution (3:10:17 by volume), and destained in an 
acetic acid:isopropanol:H2O solution (3:10:17 by volume). Unstained molecular 
weight marker comprising a mixture of protein ranging in size from 5 to 250 kDa was 
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used (PageRuler unstained broad range protein ladder: Thermo Scientific, Rockford, 
IL). Imaging was accomplished with AlphaImager system (Alpha Innotech 
Corporation, Santa Clara, CA).  
6.2.7 Dynamic light scattering (DLS) measurements 
The particle size distribution of WPI–pectin during in vitro digestion was measured 
by DLS using the Zetasizer Nano ZS (Malvern Instruments Ltd., Malvern, UK) 
equipped with 633 nm laser and 173o detection optics. During the measurement, the 
laser light was directed and focused on the cuvette with 1.2 mL sample solutions. For 
each sample, three measurements were conducted with at least 12 runs and each run 
lasted for 10 s. All experiments were replicated at least twice.  
6.2.8 Confocal laser scanning microscopy (CLSM) 
Microstructure of samples that gelled during digestion was observed using CLSM.  
Sample was stained with Rhodamine B solution (20 µL of a 0.2 wt% solution/mL of 
sample). Approximately 60 µL of the dyed protein solution was placed into a welled 
slide, covered with a 0.17 mm coverslip. Digestion was carried out in situ of the 
welled slide. SGF solution (40 µL) with and without pepsin was dropped on the 
welled slide, followed by the addition of 24 µL of sample. The slide was incubated in 
a continuous shaking water bath (37 oC) at 95 rpm/min, and the structure was 
observed in situ by a Zeiss LSM 510 META confocal laser scanning microscope (Cal 
Zeiss, Jena, Germany) with 100× and 63× water immersion objectives. An Ar/Kr 
visible light laser was used with an excitation wavelength of 543nm. Digital image 
files were acquired in 1024 pixels × 1024 pixels. 
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6.3 Results and Discussion 
In this study, WPI and pectin were heated at two pH values and pectin concentrations 
to produce different degree of interactions between protein and pectin. Particle size 
and zeta potential measurements were used to characterize the mixture (data not 
shown). Briefly, higher pH value and higher pectin concentration led to more 
negatively charged aggregates formation, and aggregates formed at pH 6.0 were 
larger than at pH 7.0 at both pectin concentrations studied. The key difference in the 
results from digestion experiment was that samples with higher pectin content (1%) 
gelled during in vitro gastric digestion while those at lower pectin content (0.25%) did 
not. Thus, samples with high pectin content were centrifuged and their supernatant 
was analyzed. The discussion is divided into the effect of pectin on WPI digestion at 
low pectin and high pectin concentrations. 
6.3.1 Digestibility of WPI as affected by pectin at low concentration 
6.3.1.1 Turbidity  
Turbidity is used to monitor the change in appearance (as related to aggregate sizes) 
of samples during digestion (Figure 17). When mixed with pepsin solution, samples 
having low pectin concentration were homogenous without any precipitation.  Before 
mixing with SGF, heated solutions formed at pH 7 were clear with low turbidity 
values, which were expected since high amount of negative charges prevented 
extensive heat aggregation, resulting in smaller and/or more linear aggregates. The 
turbidity of hydrolyzed samples remained constant during 2 h digestion. Lowering the 
pH to 6.0 led to a much more turbid solution after heating, indicating higher degree of 
molecular aggregation. During digestion, the turbidity decreased rapidly within 30 
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min due to the degradation of large whey protein aggregates into smaller ones and 
peptides. Similar trend was found in WPI samples without pectin (Figure 20).  
 
Figure 17. Turbidity of WPI–pectin (0.25% pectin) and SGF mixtures during 
digestion. 
6.3.1.2 Electrophoresis  
The in vitro gastric digestion patterns of WPI–pectin were examined using both 
native-PAGE and SDS-PAGE (Figure 18), which allowed the determination of the 
degradation of the aggregates and production of peptides during pepsin digestion. 
Native –PAGE showed two types of aggregates formed after WPI and pectin was 
heated together at 85 oC for 30 min (Figure 18 a and 18 b, lane 3). Only small amount 
of native β-lactoglobulin (β-lg) monomers were not involved in the aggregation. 
Bands labeled with “Aggregates 1” represents very large aggregates that could not 
enter the stacking gel, while “Aggregates2” represents those that could enter the 
stacking gel but not the resolving gel. Heating at pH 6.0 resulted in larger aggregates 
formation than pH 7.0, as indicated by less aggregates entering the stacking gel. 
Aggregates 1 formed at pH 6.0 and 7.0 were completely digested within 30 and 20 
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min, respectively, but Aggregates 2 could not be fully digested within 120 min. The 
amount of Aggregates 2 at pH 6.0 increased during 20 min to 60 min of digestion, 
which was likely due to degradation of Aggregates 1, but further digestion resulted in 
a slight decrease in Aggregate 2. Although WPI–pectin at pH 7.0 showed faster 
degradation of Aggregates 1, it has higher amount of Aggregates 2 after 2 h digestion. 
Little change was observed in the intensity of native β-lg monomer bands during 
digestion, which is consistent with previous results showing that native β-lg was very 
resistant to pepsin (Peram and others 2012). 
No significant difference was observed between pH 6.0 and pH 7.0 under SDS-PAGE 
(Figure 18 c and 18 d), though peptide bands appeared to be more intense in pH 7 
samples during and after 2 h digestion compared to pH 6.0 samples. As indicated 
previously, there were still aggregates presented after 2 h digestion, but the 
dissociation of these aggregates by sample buffer and reducing agent did not give rise 
to corresponding number of the monomers in the SDS-PAGE. Studies have found that 
pepsin has favorable properties for generating disulfide linked peptides at its acidic 
pH optimum (Gorman and others 2002). It is likely that protein aggregates presented 
after 2 h digestion were those partially hydrolyzed aggregates, or could be cross 
linked peptides derived from partially hydrolyzed protein. 
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Figure 18. Native-PAGE (a and b) and SDS-PAGE (c and d) profiles of in vitro 
digestion of WPI–pectin at 0.25% pectin and different pH: (a and c) pH 6.0; (b and d) 
pH 7.0. Lane 1, β-lg for native-PAGE and maker for SDS-PAGE; lane 2, unheated 
WPI; lane 3−10, samples digested for 0, 2, 5, 10, 20, 30, 60, and 120 min, 
respectively. 
6.3.1.3 Particle size distribution  
Particle size distribution was used to monitor the changes of aggregate size during 
digestion (Figure 19). The average diameter of WPI–pectin heated at pH 6.0 and pH 
7.0 were 177.7 nm and 32.0 nm, respectively. For aggregates heated at pH 6.0, the 
size remained constant within the first 10 min digestion, but decreased drastically 
after 30 min. After 120 min, the particle size distribution shows two peaks with 
average diameters of 6.3 nm and 23.4 nm. These correspond with the electrophoresis 
results, which indicate the digestion of large aggregates into smaller ones and 
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peptides. The average aggregate size of samples heated at pH 7.0 remained almost 
constant during digestion for 2 h, suggesting that the aggregates could not be fully 
digested by pepsin within 2 h, which confirmed native-PAGE results. As shown from 
native-PAGE results, the majority of the aggregates were peptides that were held 
together by covalent and non-covalent bonds. 
       
 
 
Figure 19. Particle size distributions of WPI–pectin (0.25% pectin) at selected times 
during in vitro gastric digestion: (a) WPI–pectin at pH 6.0; (b) WPI–pectin at pH 7.0. 
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Digestion patterns of whey protein aggregates in the absence of pectin were also 
evaluated by turbidity, electrophoresis and DLS measurements (Figure 20, 21, and 
22). At pH 7.0, no difference in turbidity was found between WPI and WPI–pectin 
samples throughout digestion. At pH 6.0, heated WPI was more turbid than heated 
WPI–pectin.  After mixing with SGF, the initial turbidity of WPI and pepsin mixture 
was lower than that of WPI–pectin. This is because the oppositely charged whey 
protein and pectin could be cross linked by attractive interactions at gastric pH values 
for WPI–pectin samples, thus forms larger aggregates showing higher turbidity than 
WPI. Similar to what was observed for WPI–pectin, the mixture of WPI and SGF 
became clear solution after digestion for 30 min. No other significant differences of 
digestion patterns were observed between WPI and WPI–pectin, indicating that 
presence of 0.25% pectin in whey protein did not influence the digestibility of whey 
protein. It has been reported that pectin could reduce the accessibility of cleavage sites 
of β-lg to protease through local nonspecific protein/pectin interactions (Peyron and 
others 2006). The different results observed in this study were probably due to the 
much higher protein concentration and lower biopolymer ratio.  
                                 
Figure 20. Turbidity changes of WPI and SGF mixture during digestion. 
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Figure 21. Native-PAGE (a and b) and SDS-PAGE (c and d) profiles of in vitro 
digestion of WPI and different pH: (a and c) pH 6.0; (b and d) pH 7.0. Lane 1, β-lg for 
native-PAGE and maker for SDS-PAGE; lane 2, preheated WPI; lane 3−10, samples 
digested for 0.5, 2, 5, 10, 20, 30, 60, and 120 min, respectively. 
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Figure 22. Particle size distributions of heated WPI at selected times during in vitro 
gastric digestion: (a) pH 6.0; (b) pH 7.0. 
6.3.2 Digestibility of WPI affected by pectin at high concentration  
6.3.2.1 Intragastric gelation  
The degree of electrostatic interactions between WPI and pectin as well as the 
structural and physicochemical properties of the resulting WPI–pectin complex 
depend on pH, biopolymer ratio, and total biopolymer concentration. These factors 
could also determine the gastric behavior of mixed WPI–pectin. At 0.25% pectin, 
mixture of WPI–pectin and SGF remained as a homogenous liquid, though samples at 
pH 6.0 are more turbid than those at pH 7.0 (Figure 23 A and 23 B) due to larger 
aggregates formation. Increasing pectin to 1% led to extensive gelation under 
simulated gastric conditions (Figure 23 C and 23 D). Note that pectin alone at this 
concentration (1% w/w) did not form gel when mixed with SGF.  Thus, intragastric 
gelation of WPI–pectin was the result of the electrostatic interactions taking place 
between carboxylic groups of pectin and the amino group of whey protein. Under 
gastric pH which were below the pI of the protein, WPI became net positively 
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charged and bond to the negatively charged pectin. Low concentration of pectin was 
not sufficient for the biopolymers to form interconnected gel network. Increasing 
pectin increased the biopolymer interactions to such an extent that the inter-
biopolymer attractions lead to gel network formation. From visual observation, pH 6.0 
formed more interconnected and denser gel compared to pH 7.0 (Figure 23C and 
23D). The possible explanation is that even at pH above the pI of protein, whey 
protein has more positively charged local domain that can interact with anionic pectin 
at pH 6.0 than pH 7.0 during heating. The higher degree of interactions between 
biopolymers at pH 6.0 during heating could facilitate further attractive 
interconnections between protein and pectin to form gel network under simulated 
gastric conditions.  
                                 
Figure 23. Mixtures of WPI–pectin and SGF with pepsin immediately after mixing (A 
- D) and after 2 h digestion (E - H): (A and E) pH 6.0 and 0.25% pectin; (B and F) pH 
7.0 and 0.25% pectin; (C and G) pH 6.0 and 1% pectin; (D and H) pH 7.0 and 1% 
pectin. 
 A            B            C           D 
  E            F            G            H 
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The microstructures were monitored using CLSM (Figure 24). WPI–pectin solutions 
(0.25% pectin) heated at pH 6.0 were homogenous, and mixing with SGF led to large 
aggregates formation, though no precipitates were observed visually. Similar to those 
at pH 6.0, WPI–pectin heated solutions (0.25% pectin) at pH 7.0 showed 
homogeneous structure when mixed with SGF and after 2 h digestion. The aggregate 
structures were not distinguished due to the limited resolution of CLSM. As expected, 
the size of WPI–pectin (1% pectin) heated aggregates depends strongly on the pH 
with much larger aggregates formed at pH 6.0 than pH 7.0. Although both solutions 
formed gel when mixed with SGF, CLSM showed different gel structures. At pH 6.0, 
the gels were heterogeneous and protein aggregates were mostly interconnected with 
each other to form the gel network. At pH 7.0, the gel network was not as 
interconnected as that of pH 6.0, and some aggregates still remained soluble, as 
indicated by the red background. After hydrolysis for 2 h by pepsin, the gel structure 
maintained, but the aggregates involved in the gel network were degraded into much 
smaller ones for both pH 6.0 and 7.0. 
 It is expected that the intragastric gelation of WPI–pectin could retard the digestion 
of whey protein. As shown in Figure 4G and 4H, the gels could not be fully digested 
within 2 h, although they were broken into pieces. It appears that digesta at pH 6.0 
had more and larger gel pieces than that at pH 7.0. However, gel microstructure 
showed that the remained gel at pH 7.0 has smaller aggregates and less porosity than 
pH 6.0 after 2 h digestion. To further investigate the digestion patterns of whey 
protein when forming intragastric gel, the digesta was centrifuged and the supernatant 
was characterized to study the digestibility of whey protein. 
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Figure 24. CLSM images of WPI–pectin and mixtures of WPI-pectin and SGF 
immediately after mixing and after 2 h digestion. 
6.3.2.2 Protein and pectin in the supernatant 
Figure 25 shows the percentage of protein and pectin in the supernatant during 
digestion in SGF and pepsin solution. Gelation occurred immediately after addition of 
WPI–pectin in SGF with pepsin. The absorbance at 280 nm was used to indicate both 
protein and peptide concentrations in the supernatant. The absorbance of supernatant 
at time 0 min was performed by adding samples to SGF without pepsin. The results 
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shows that the initially percentages of protein in the supernatant are 13% and 29% for 
pH 6.0 and 7.0, respectively, indicating that more protein was involved in the gelation 
at pH 6.0, probably due to the already existence of higher attractive interaction 
between protein and pectin before SGF addition. As shown in Figure 6a, for samples 
heated at pH 7.0, protein content in the supernatant increased during the first 30 min 
of digestion and slightly decreased after 60 min. The proteins involved in the gelation 
but at the surface of the gel could be easily digested by pepsin, which gave rise to the 
increased protein content in the supernatant in the first 30 min. However, as the 
protein on the gel surface mostly digested by pepsin, peptides were further broken 
down into smaller ones or even amino acids, and proteins inside the gel network were 
not accessible to pepsin, the protein content decreased after 30 min digestion. For 
samples at pH 6.0, the protein content increased with increasing digestion time, and it 
had more protein in the supernatant than pH 7.0 after 2 h digestion. The difference 
observed between pH 6.0 and pH 7.0 is probably due to the different gel structure 
formed at these two pH values. Though pH 6.0 formed denser gel than pH 7.0 after 
mixing with SGF from visual observation (Figure 4), the remained undigested gel at 
pH 7.0 has smaller aggregates and less porosity than pH 6.0 after 2 h digestion, 
suggesting that the protein involved in the gel network at pH 7.0 is less susceptible to 
pepsin. Hence, the protein content in the supernatant slightly decreased after 30 min 
for pH 7.0 but increased for pH 6.0. Compared to the protein content, it appeared that 
there was less changes of the pectin in the supernatant along with digestion time, and 
samples at pH 7.0 has more pectin than pH 6.0 in the supernatant from the beginning 
to the end of digestion. 
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Figure 25. Percentage of protein and peptides (a) and pectin (b) in the supernatant 
during digestion of WPI-pectin (1% pectin). 
Both native-PAGE and SDS-PAGE was used to investigate the protein and peptide 
profile in the supernatant (Figure 26). Similar to what was observed in the native-
PAGE of WPI–pectin with 0.25% pectin, WPI–pectin at pH 6.0 resulted in larger 
aggregates formation which could not enter the stacking gel compared to pH 7.0 
(Figure 26 a and 26 b, lane 3). The notable difference observed from native-PAGE 
between pH 6.0 and pH 7.0 is that no aggregate was present in the supernatant of pH 
6.0 during 2 h digestion, whereas Aggregates 2 increased in the first 30 min of 
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digestion and further decreased for WPI–pectin at pH 7.0. The results are in 
agreement with the CLSM data since some proportion of the aggregates were not 
involved in the gelation and remained soluble in the mixture with SGF. There were 
very small amount of β-lg monomers on SDS-PAGE, representing the nonaggregated 
proteins that were very resistant to pepsin. Compared to faint bands of peptides shown 
on SDS-PAGE at pH 6.0 during the first 20 min of digestion, the amount of peptides 
were higher in pH 7.0 samples with the most intense bands after 30 min of digestion. 
The peptide content further increased for pH 6.0, but decreased for pH 7.0. The 
possible reason has been discussed previously. The data presented in the SDS-PAGE 
was consistent with the protein concentration measurement results. 
 
Figure 26. Native-PAGE (a and b) and SDS-PAGE (c and d) profiles of the 
supernatant during in vitro digestion of WPI–pectin (1% pectin) at different pH: (a 
and c) pH 6.0; (b and d) pH 7.0. Lane 1, β-lg for native-PAGE and maker for SDS-
PAGE; lane 2, unheated WPI; lane 3−10, samples digested for 0, 2, 5, 10, 20, 30, 60, 
and 120 min, respectively. 
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DLS data further confirmed the results from electrophoresis (Figure 27). The 
distributions of particle size during 2 h digestion showed only single peak for both pH 
6.0 and pH 7.0 with 5.952 nm and 31.60 nm, respectively. The small sized peaks 
shown in samples at pH 6.0 were contributed from the peptides in the supernatant. 
The large sized peaks at pH 7.0, however, were partially digested aggregates or cross-
linked peptides as shown on native-PAGE (Figure 26 b). From both native-PAGE and 
DLS results, it is clear that almost all of the aggregates in WPI–pectin at pH 6.0 
formed intragastric gels, whereas some proportion of the aggregates remained soluble 
for WPI–pectin at pH 7.0. Compared to digestion pattern of WPI–pectin with low 
pectin content, much smaller amount of protein aggregates and peptides were detected 
in the supernatant of WPI–pectin with high pectin content since the majority of the 
proteins were involved in the gelation immediately after mixing with pepsin solution. 
The pectin used in this study was highly charged. The interaction between whey 
protein and pectin is expected to be electrostatic in nature at gastric pH conditions. 
Indeed, at pH below the pI of WPI, electrostatic complexes were formed driven by the 
attractive forces between the oppositely charged biopolymers. A number of studies 
investigated protein–polysaccharide complex coacervates as a function of biopolymer 
ratio, total biopolymer concentrations, pH, and ionic strength (Turgeon and others 
2007b; de Kruif and others 2004; Weinbreck and others 2003a; Schmitt and Turgeon 
2011; Wang and others 2007). All of these factors influence the three dimensional 
configuration and relative charge density between both biopolymers, which in turn 
affect the degree of electrostatic interaction between them (Espinosa-Andrews and 
others 2007). Under simulated gastric conditions, intragastric gelation was mainly 
determined by the biopolymer ratio since pH and ionic strength did not differ among 
samples.   
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Figure 27. Particle size distributions of the supernatant of WPI–pectin at selected 
times during in vitro gastric digestion: (a) WPI–pectin (1% pectin) at pH 6.0; (b) 
WPI–pectin (1% pectin) at pH 7.0. 
6.3.3 Possible physiological implication to satiety 
Satiety properties of dietary fibers and protein have been well studied independently 
in animal studies and clinical trials (Halton and Hu 2004; Veldhorst and others 2008; 
Burton-Freeman 2000; Weickert and Pfeiffer 2008; Slavin and Green 2007). The roles 
of dietary fibers in appetite control and weight management are not only attributed to 
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lowering the energy density of foods or increasing stomach distension due to the 
absorption of large quantities of water (De Graaf and others 2004), but also increasing 
the viscosity of the digesta in the small intestine, thereby prolonging the small 
intestine transit time and absorption rate of nutrients (Kristensen and Jensen 2011). 
Though the mechanism of protein satiety is not fully defined, it has been proposed 
that high protein diets may promote satiety and facilitate weight loss through reduced 
energy consumption and enhanced thermogenesis (Luhovyy and others 2007; Soenen 
and Westerterp-Plantenga 2008; Veldhorst and others 2008). Little attention has been 
given to the mixture of protein and polysaccharides, especially the effect of their 
interactions. Furthermore, most of the studies about dietary regulation of food intake 
have used animal models or human subjects which are time-consuming, expensive, 
and involve important ethical considerations. Instead in vitro studies could provide 
important theoretical understandings of the effect of food matrix on digestion which 
may be related to gastric emptying and the feeling of fullness. Studies using simulated 
stomach model have shown that the in vitro gastric behavior of emulsions was 
influenced significantly by the compositions of the emulsions. The Tween 80 
stabilized emulsion did not show instabilities, whereas protein stabilized emulsions 
showed extensive flocculation and coalescence, which might lead to different stomach 
emptying rate and feelings of fullness (van Aken and others 2011). In this study, we 
found that in vitro gastric behavior of whey protein and pectin mixture depends on 
biopolymer ratio and pH. Extensive gelation occurred with high pectin to WPI ratio, 
which significantly lowered the degradation rate of whey protein. 
Information regarding the digestion of protein is of importance for high protein diet. 
The interactions between proteins and other components in the GI tract could 
significantly alter the digestibility and digestion profile of proteins. In vitro digestion 
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methods could provide important information for understanding the gastric behavior 
of complicated food matrix before carrying out in vivo experiments. Under the 
simulated gastric conditions used in this study, the intragastric gel could not be fully 
dissolved after digestion for 2 h. Most of the pectin and more than half of the protein 
remained in the gels. It is known that large food particles require longer incubation 
time in the stomach and move through the stomach more slowly than small ones, 
since they have to be small enough to pass through the pylorus valve which separates 
the stomach and small intestine (Hur and others 2011). Liquid/beverage that forms 
intragastric gels would require longer transit time in the stomach than typical 
liquid/beverage. This could lead to prolonged feeling of fullness and earlier 
termination of meal. Though future studies are needed to investigate whether the 
enhanced satiety by intragastric gelation could be sensed in vivo, this study 
demonstrates the potential effect of protein and dietary fiber interactions on protein 
digestion, satiety and food intake regulation. The presence of dietary fibers in the 
meal could lead to extensive coalescence, flocculation or even gelation with proteins 
in the stomach, and thus slow down gastric emptying and promote the feeling of 
fullness.  
6.4 Summary 
The effect of pectin on the in vitro digestibility of whey protein highly depends on the 
biopolymer ratio and, to a lesser extent, pH. At low pectin concentration used in this 
study (0.25% pectin), pectin had no significant effect on the digestion pattern of whey 
protein. Heating whey protein and pectin together at pH 6.0 and 7.0 resulted in the 
formation of protein aggregates with different size and structure, which also showed 
different digestion pattern. Though samples at pH 6.0 have more large aggregates than 
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pH 7.0, pH 7.0 has higher amount of overall aggregates after 2 h digestion. Extensive 
intragastric gelation occurred when increasing pectin concentration to 1%.  Majority 
of the proteins at both pH 6.0 and 7.0 were involved in the gelation immediately after 
mixing with SGF, while pH 6.0 had less amount of protein remained soluble than pH 
7.0. WPI–pectin at pH 6.0 formed more interconnected and denser gel due to the 
higher intra-molecular interactions between whey protein and pectin. The gels could 
not be completely digested after digestion for 2 h, though the aggregates in the gel 
were degraded into smaller ones. It will be interesting to investigate whether the effect 
of pectin on protein digestion will influence protein satiety.  
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CHAPTER 7 
EFFECT OF CHARGE DENSITY OF POLYSACCHARIDES ON SELF-
ASSEMBLED INTRAGASTRIC GELATION OF WHEY 
PROTEIN/POLYSACCHARIDE UNDER SIMULATED GASTRIC 
CONDITIONS  
7.1 Introduction 
An increased interest in digestion of protein in the gastrointestinal (GI) tract over the 
recent years is driven by an increase of food related illnesses, such as obesity 
epidemic and food allergy (Mackie and Macierzanka 2010; Wickham and others 
2009; Hur and others 2011). Protein has been reported to be the most satiating of all 
micronutrients, which could potentially be used for weight management and obesity 
control (Veldhorst and others 2008; Paddon-Jones and others 2008; Astrup 2005; 
Halton and Hu 2004). Ingestion of foods evokes satiety in the GI tract by two ways, 
mechanical stimulation and humoral stimulation (Geraedts and others 2011). The 
digestion rate of foods determines the availability of nutrients in the GI tract, which 
will be sensed and responded by release of hormone signals: a delay in gastric 
emptying may evoke a satiety effect (Capasso and Izzo 2008). Hence, the satiety 
effect of certain foods could be enhanced by slowing their degradation rate. The 
digestion rate of protein could be manipulated by various food processing methods 
through altering the accessibility of the enzymatic cleavage site on protein (Takagi 
and others 2003; Zeece and others 2008; Morisawa and others 2009). Native structure 
of β-lactoglobulin is very resistant to proteolysis, while heating, emulsification, 
foaming and high pressure treatments led to completely or partially unfolding of 
protein, exposing more susceptible peptide bonds for enzyme hydrolysis and resulting 
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in enhanced rate of proteolysis (Malaki Nik and others 2010; Maldonado-Valderrama 
and others 2010; Mackie and Macierzanka 2010; Macierzanka and others 2009).  
Protein structure could get even more complex as individual proteins can interact with 
other constituent in food system such as dietary fiber. Dietary fiber itself is a satiating 
agent due to its unique chemical and physical characteristics, among which, 
thickening has been associated with prolonged gastric emptying and slower transit 
time through the small intestine (Kristensen and Jensen 2011; Slavin and Green 2007; 
Howarth and others 2001). Some viscous fibers are not able to form lumps in the 
stomach, while other dietary fibers such as alginate, could form lumps in the stomach 
at concentration higher than critical value, producing large volume that prolongs 
gastric emptying (Hoad and others 2004). However, our approach, that may well 
control the rate of food digestion without an adverse effect on the enjoyment of food, 
is the use of mixture of hydrocolloids that respond by self-structuring to the pH 
conditions experienced inside the stomach.  Chapter 6 showed that mixture of protein 
and pectin was able to form intragastric gel at much lower polysaccharide 
concentrations, though no gelation was observed in single biopolymer system. Liquid 
that is able to form intragastric gel would require longer transit time in the stomach 
than regular liquid. Therefore, the sol-gel transition occurred under simulated gastric 
fluid significantly delayed the digestion rate of protein, and could potentially be used 
to slow gastric emptying and promote satiety. The mixed protein-fiber samples can be 
considered as model systems for protein-based beverage.  
At pH near or lower than the isoelectric point of the protein complexation between 
protein and polysaccharide could occur, usually driven by the electrostatic 
interactions between the two oppositely charged biopolymers (Turgeon and others 
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2007b; Schmitt and Turgeon 2011). The strength of the attractive interaction depends 
to a great extent on the macromolecular charge densities (Doublier and others 2000; 
Ye 2008; Sperber and others 2009). It is well demonstrated that higher charged 
polysaccharides have higher degree of interaction with protein, and sulphated 
polysaccharides such as carrageenan also interact more strongly with protein than 
carboxylated polysaccharides such as pectin (Doublier and others 2000). Similar to 
the interactions occurred during complexation, we believe that the mechanism behind 
intragastric gelation is the electrostatic interaction occurred between positively 
charged protein and anionic pectin when the mixture undergoes from neutral pH to 
acid pH under simulated gastric conditions. Hence, it is highly possible that different 
charged polysaccharides would associate with protein at different extent under 
simulated gastric conditions, resulting in forming intragastric gel with different gel 
strength, which might have different rate of gastric emptying. Alginate is able to form 
strong or weak gel on exposure to stomach acidic conditions, depending on the types 
of alginate. It has been reported strong-gelling alginate formed larger volume of 
lumps in the stomach than weak-gelling alginate by in vivo imaging, which also 
decreased hunger and increased fullness sensed by human subjects (Hoad and others 
2004). 
Accordingly, polysaccharides with different charge density were chosen in this study 
to investigate the intragastric behavior of protein/polysaccharide mixtures. Guar gum, 
xanthan gum, and carrageenan with charge density ranging from neutrally charged to 
highly negatively charged were selected to mix with whey protein before in vitro 
gastric digestion which was carried out in the dissolution apparatus. Whey proteins 
were chosen not only due to the convincing evidence of whey proteins as satiety-
inducing agent, but also because whey proteins are often the preferred source for 
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ready-to-drink protein beverage with excellent nutrition qualities and unique 
functionalities. Furthermore, since our previous study showed that intragastric 
gelation only occurred at high pectin to protein biopolymer ratio, a range of 
biopolymer ratio was chosen to determine the critical ratio needed to form intragastric 
gel. The rheological properties of the intragastric gel, electrophoresis of the digesta, 
and microstructure of the gel before and after digestion were used to monitor the 
digestion pattern. 
7.2 Materials and methods 
7.2.1 Materials 
Whey protein isolate (WPI) was kindly donated by Davisco Food International 
(BiPro, Le Sueur, MN). As stated by the manufacturer, the powdered WPI was 
constituted of 97.9 wt% protein, 2.1 wt% ash, and 0.3 wt% fat (dry weight basis) and 
4.7 wt% moisture (wet weight basis). Guar gum (TIC pretested gum guar 8/22 
powder), xanthan gum (100% pure xanthan gum), and carrageenan (FMC viscarin GP 
209 F) were provided by TIC Gums (White Marsh, MD), FMC (Philadelphia, PA), 
and Now Foods (Bloomingdale, IL), respectively. Pepsin with enzyme activity higher 
than 250 units was obtained from Sigma-Aldrich (St. Louis, MO). Unless otherwise 
stated, all of the chemicals used were of analytical grade. 
7.2.2 Zeta-potential measurements 
Guar gum, xanthan gum, and carrageenan stock solution (1%) was prepared by 
dissolving in Millipore water at ambient temperature for 2 h under continuous stirring. 
The stock solutions were diluted to 0.1%, and pH was adjusted to 2.0 and 7.0. Zeta-
potential of diluted polysaccharide solutions was measured by dynamic light 
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scattering using the Zetasizer Nano ZS (Zetasizer Nano ZS, Malvern Instruments Ltd., 
Worcestershire, United Kingdom). The zeta-potential values are reported as the 
average of measurements made on two freshly prepared samples, with three readings 
made per sample.  
7.2.3 Heat treatment of WPI–polysaccharides 
Whey protein stock solution (10% w/w) was prepared by dissolving WPI in Millipore 
water (18.2 MΩ) with continuous stirring for 2 h at ambient temperature. Guar gum, 
xanthan gum, and carrageenan stock solution (1%) was prepared by dissolving in 
Millipore water at ambient temperature for 2 h under continuous stirring. Protein and 
polysaccharide stock solutions were then kept in the refrigerator (4 oC) overnight for 
complete hydration. Stock solutions of WPI and polysaccharides were mixed to obtain 
5% w/w protein and polysaccharide to WPI weight ratio ranging from 0.01 to 0.1and 
their pH was adjusted to 7.0. The mixtures were gently mixed before being heated in a 
temperature-controlled water bath at 85 oC for 30 min and cooled using running tap 
water. 
7.2.4 Dissolution Experiments 
Dissolution experiments were performed according to Pharmacopoeia official 
methods using Bio-Dis reciprocating cylinder apparatus 3 (Agilent Technologies, 
Santa Clara, CA). A digitally controlled water circulation/heater was used to maintain 
the temperature of the dissolution media at 37 ± 0.5 oC. The dissolution media 
consisted of 0.034 M NaCl, and 3.2 mg/g pepsin at pH 1.2. Pepsin solution was 
prepared freshly for each assay by dissolving pepsin in SGF by vortexing several 
times over a period of 5 min. The dissolution experiments were performed at a 
reciprocating rate of 20 dips per minute (dpm) using mesh screens of 405 µm mesh 
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size. The dissolution outer tubes were filled with 78 mL of dissolution media, and 10 
g of WPI–polysaccharide mixture was added in the inner tube. The ratio of pepsin to 
WPI was 1:2 on a weight basis. Samples (2 mL) for electrophoresis were taken 
manually from outer tube at time intervals of 2, 5, 10, 20, 30, and 60 min and 
replenished with 2 mL of fresh dissolution media. In order to control sampling time, 
the inner tube was positioned above the dissolution media for 0.5 min during 
sampling. Sodium hydroxide (1 N and 0.1 N) was added to samples to adjust pH to 
above 7.0 to inactivate enzymes, and DI water was added to adjust the total volume of 
the sample to 2.5 mL. Samples were diluted to 1 mg/mL pepsin for electrophoresis 
analysis.  
7.2.5 Swelling Ratio 
The intragastric gels of WPI–xanthan gum and WPI–carrageenan at biopolymer ratio 
of 0.1 were used to characterize the swelling ratio. The weight of the intragastric gels 
during dissolution was measured to calculate the swelling ratio during digestion with 
pepsin, in comparison to the swelling ratio measured without pepsin, which was 
conducted by forming intragastric gel in a sitting beaker. The swelling ratio was 
determined using the following equation (Rayment and others 2009): 
Swelling ratio = 100 × (mf – mi)/mi 
Where mf is the final weight of the gel, and mi is the initial weight of the gel. 
7.2.6 Rheological properties 
Rheological properties of the WPI–polysaccharide solution after mixing with SGF 
were measured on a Kinexus rheometer (Malvern Instruments Ltd., Worcestershire, 
United Kingdom) with a upper plate geometry (20 mm diameter). We used syringe to 
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inject 2.5 mL of WPI–polysaccharide solution to SGF to form a large gel piece with 
diameter around 20 mm. Although intragastric gelation occurred immediately after 
samples were mixed with SGF, it takes some time to form a uniform gel since the pH 
of the gel inside decreased slowly, especially when we use syringe to form much 
larger gel piece than in the dissolution experiment. Hence, the gels were left in the 
SGF overnight before rheological measurement in order to obtain pH equilibrium. 
The next day, gel was cut into a cylinder shape with diameter around 20 mm and 
height around 2 mm. A gap of 2 mm was used and samples were evenly distributed 
over the entire surface area of the plate. The elastic modulus (G′) and viscous 
modulus (G″) was monitored in the pre-determined linear viscoelastic region (0.5% 
strain) at a constant frequency of 1 Hz and 25 oC. A strain sweep test was performed 
subsequently to check that measurements have been done within the linearity limits of 
the viscoelastic behavior. 
7.2.7 Electrophoresis 
SDS-PAGE was carried out using a modification of Laemmli method. Samples were 
solubilized in Laemmli sample buffer (Bio-Rad Laboratories, Hercules, CA) 
containing 5% β-mercaptoethanol and heated at 95 oC for 5 min. The samples were 
cooled to room temperature and loaded (10 µL) onto the gel containing 15% 
acrylamide for the resolving gel and 4% acrylamide for the stacking gel. The gel was 
run in a mini Protein II electrophoresis system (Bio-Rad Laboratories) using an 
electrode stock buffer at a voltage of 120 V. The gels were stained with Coomassie 
brilliant blue R250 in an acetic acid:methanol:H2O staining solution (1:4:5 by 
volume), and destained in an acetic acid:methanol:H2O solution (1:4:5 by volume). 
Unstained molecular weight marker comprising a mixture of protein ranging in size 
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from 5 to 250 kDa was used (PageRuler unstained broad range protein ladder: 
Thermo Scientific, Rockford, IL). Imaging was accomplished with AlphaImager 
system (Alpha Innotech Corporation, Santa Clara, CA). 
7.2.8 Scanning electron microscopy 
After mixing with SGF, WPI–carrageenan gelled immediately, and a small piece of 
the gel was taken out and put into NaOH solution to inactivate the enzymes, which 
represent the initial microstructure of the gel. The microstructure of the gel after 
digestion was also monitored. After the gels were digested in the dissolution 
apparatus for 1 h, gel pieces became smaller, and one piece of the gel was taken and 
directly put into NaOH solution to inactivate the enzymes. Both initial gel and 
digested gel specimens were then fixed in 2% glutaraldehyde 2% 
paraformaldehyde/0.1 M sodium cacodylate buffer solution at 4 oC overnight, 
followed by rinsing in 0.1 M sodium cacodylate buffer for three times (15 min each). 
Washed gel specimens were dehydrated in a series of aqueous ethanol solutions 
ranging from 30% to 100%. Dehydrated specimens were critical point dried, mounted 
on aluminium stubs and coated with 10 nm of platinum using a Sputter Coater 
(EMS575X, Electron Microscopy Sciences, Hatfield, PA). SEM studies were carried 
out using a FEI Quanta 600 F (FEI Company, Hillsboro, OR) extended vacuum 
scanning electron microscope. In all cases, acceleration voltage of 10 kV was used. 
Digital micrographs, acquired at magnification ranging between × 3000 and × 50000 
were captured.  
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7.3 Results  
7.3.1 Intragastric gelation 
In order to verify that the charge density of polysaccharides used in this study ranges 
from low to high, zeta-potential of polysaccharide solutions were measured at both 
pH 7.0 and 2.0 (Table 8), which were the representative pH values of WPI–
polysaccharides before and after mixing with SGF, respectively. Guar gum is usually 
recognized as a neutral polysaccharide, and it is generally unaffected by pH changes 
or an increase in other ionic species (Wang and others 2000). On the other hand, 
xanthan gum and λ-carrageenan are negatively charged polysaccharides under a wide 
range of pH values, and the pH of the medium has a great impact on their charge 
density due to the protonation of the carboxyl groups. As shown in Table 1, the zeta-
potential of guar gum changed from -8.19 mV to 2.88 mV when pH was reduced to 
2.0, indicating that guar gum used in this study carried little negative charges at 
neutral pH, while the amount of the negative charges decreased even further at acidic 
pH. For negatively charged xanthan gum and carrageenan, reduction of pH from 7.0 
to 2.0 also decreased the amount of the negative charges. However, these two 
macromolecules remain negatively charged at acidic pH, with carrageenan carrying 
more negative charges than xanthan gum. 
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Table 8. Zeta potential of guar gum, xanthan gum and carrageenan at concentration of 
0.1% and pH 7.0 and 2.0.  
Polysaccharides Zeta-potential at 
pH 7.0 (mV) 
Zeta-potential at 
pH 2.0 (mV) 
Guar gum -8.19 2.88 
Xanthan gum -58.2 -22.1 
Carrageenan -83.4 -53.0 
 
WPI and polysaccharides at biopolymer ratio ranging from 0.01 to 0.1were mixed 
with SGF in the test tube to show the intragastric behavior of the biopolymers. As 
shown in Figure 28, the ability of the mixtures to form intragastric gel depends on 
both the nature of polysaccharides and the biopolymer ratio. At all biopolymer ratios 
studied, WPI–guar gum did not form gel and remained soluble after mixing with SGF, 
and no difference in the turbidity of the mixture was observed (Figure 28 A–D). For 
both xanthan gum and carrageenan, no intragastric gel was observed at lowest 
biopolymer ratio of 0.01 (Figure 28 E and I), while increasing biopolymer ratio to 
0.02 led to the formation of lump in SGF (Figure 28 F and J), and further increasing 
biopolymer ratio resulted in extensive gelation immediately after mixing with SGF 
(Figure 28 G–H and K–L). It should be noted that no gelation occurred when single 
biopolymer was mixed with SGF. Furthermore, WPI–carrageenan seems to form 
more turbid and denser gel than WPI–xanthan gum. 
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Figure 28. Intragastric gelation of WPI–polysaccharides mixed with SGF: (A – D) 
guar gum to WPI weight ratio of 0.01, 0.02, 0.05, and 0.1; (E – H) xanthan gum to 
WPI weight ratio of 0.01, 0.02, 0.05, and 0.1; (I – L) carrageenan to WPI weight ratio 
of 0.01, 0.02, 0.05, and 0.1. 
Rheological properties of WPI–polysaccharides after mixing with SGF were 
measured using frequency sweep (Figure 29). For all guar gum-contained samples, 
the loss modulus, G″, was dominant over the storage modulus, G′, indicating no gel 
formation (data not shown). For samples containing xanthan gum and carrageenan at 
biopolymer ratio of 0.01, G″ was dominant over G′, indicative of a liquid-like 
response, while G′ was dominant over G″ for xanthan gum and carrageenan samples 
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at biopolymer ratios higher than 0.01, indicating a gel-like material response. For all 
gel-like samples, both G′ and G″ exhibited a weak frequency dependence within the 
frequency range used in this study. Furthermore, for both WPI–xanthan gum and 
WPI–carrageenan, the elastic moduli increased with increasing biopolymer ratio, 
suggesting that the presence of higher amount of polysaccharides promoted the degree 
of cross-linking between protein and polysaccharide molecules, thus forming gel with 
enhanced gel strength. It should also be noted that at the same biopolymer ratio, WPI–
carrageenan gel was stronger than WPI–xanthan gum gel, which was consistent with 
our visual observation (Figure 28). Stronger gel shown in samples with carrageenan 
was likely due to its higher charge density, as discussed below. 
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Figure 29. . Elastic modulus (Gʹ) (solid) and Viscous modulus (Gʺ) (empty) of 
intragastric gel formed by WPI–xanthan gum mixed with SGF (a) and WPI–
carrageenan mixed with SGF (b) with different polysaccharide to WPI weight ratio of 
0.01, 0.02, 0.05, and 0.1. 
Schematic illustrations of intragastric gelation of WPI–polysaccharides with different 
charge density are shown in Figure 30. Protein molecules unfold and aggregate to 
form large aggregates upon heating together with polysaccharides at neutral pH. Due 
to the strong repulsion between biopolymers, the electrostatic interaction between 
protein and polysaccharides is very limited despite the charge density of the 
polysaccharides. When WPI–polysaccharide solution is mixed with SGF where the 
pH is reduced to far below the pI of the protein, protein immediately becomes highly 
positively charged. This immediate charge reversal of protein allows interactions 
between the biopolymers. For neutral polysaccharides, there are no charged groups 
available to interact with the positively charged groups of protein, hence, 
polysaccharides and protein remain co-soluble in SGF. In contrast, as shown by zeta-
potential results, negatively charged polysaccharides still maintain negatively charged 
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properties after mixing with SGF; thus, the electrostatic interactions between 
carboxylic groups of polysaccharides and the amino group of protein could occur, 
leading to the cross-linking of the biopolymers. Low polysaccharide to protein ratio is 
not sufficient for the biopolymers to form interconnected gel network. Increasing 
biopolymer ratio increases the degree of cross-linking to such an extent that the inter-
biopolymer attractions lead to gel network formation. Higher biopolymer ratio is 
expected to have higher degree of inter-biopolymer interaction, which leads to the 
formation of gel with higher strength. Similar mechanism could be used to explain 
polysaccharides with different charge density. At the same biopolymer ratio, higher 
charged polysaccharides are expected to have higher degree of association with 
protein. As a result, a strong structure is created rather than a weak one.  
 
Figure 30. Schematic illustrations of intragastric gelation of WPI and polysaccharide 
with different charge density. 
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7.3.2 Dissolution experiments 
We previously reported that the intragastric gelation significantly slowed down the 
digestion rate of protein for whey protein and pectin system under simulated gastric 
conditions. In this work, the digestion pattern of protein was evaluated using 
dissolution experiment. Dissolution apparatus is commonly used in pharmaceutical 
industry to provide in vitro drug release information (Costa and Sousa Lobo 2001). It 
has also been used to study the release of minerals and bioactive components from 
protein hydrogels (Remondetto and others 2004). Since some samples formed strong 
gels upon mixing with SGF, the digestion of protein–polysaccharide solution turned 
into digestion of protein–polysaccharide gel. Hence, dissolution apparatus is an 
appropriate means to study the intragastric gelation and would provide important 
information about the degradation of the gel and release of the protein and peptides 
from the gel. 
7.3.2.1 Swelling ratio 
Since WPI–xanthan gum and WPI–carrageenan at biopolymer ratio of 0.1 formed 
strong gels, these two samples were selected to monitor the swelling ratio. Other 
samples did not form gel or formed weak gels, making it difficult to measure the 
weight of the gel during digestion. Figure 31 shows the swelling behavior of these 
two gels with and without pepsin. In the absence of pepsin, gels with xanthan gum 
and carrageenan followed different trend: WPI–xanthan gum gels swelled in the first 
30 min and then the weight kept constant; WPI–carrageenan only swelled somewhat 
in the first 5 min and then the weight of the gel slightly decreased. Although these two 
samples formed intragastric gels immediately when mixed with SGF, the inside of the 
gels remained liquid at first since it takes some time for the pH of the whole mass to 
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reach the equilibrium. The possible reason for the shrinking of WPI–carrageenan gels 
after 5 min is that the penetration of the protons into the inside of the gel resulted in 
the decrease in the repulsive charges, which allowed protein and carrageenan 
molecules to come closer together and form network. The same phenomenon could 
happen for WPI–xanthan gum gel; however, the higher swelling ratio could be due to 
the different microstructural feature of the gels, which will be discussed later under 
the Microstructure section. In the presence of pepsin, the weight of the two gels 
rapidly decreased in the first 10 min of digestion, but the decrease became slower in 
the following 50 min, especially for WPI–xanthan gum. There were still 69.8% and 
38.3% of gel remained undigested after 1 h for WPI–xanthan gum and WPI–
carrageenan, respectively.  
 
Figure 31. Swelling ratio of WPI–xanthan gum (●) and WPI–carrageenan (▲) 
intragastric gels during dissolution without (filled) and with (empty) pepsin. 
7.3.2.2 SDS-PAGE 
During dissolution experiments, samples were also periodically taken and the in vitro 
digestion patterns of WPI–polysaccharides were examined using SDS-PAGE. Figure 
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32 shows the analysis of digesta from WPI–guar gum with biopolymer ratio ranging 
from 0.01 to 0.1. These four samples show similar proteolysis pattern during 
simulated gastric digestion, with the appearance of dense peptide bands that decreased 
with time. This revealed that biopolymer ratio did not affect the digestion pattern of 
protein. It has been shown that digestibility of protein depends on the degree of the 
denaturation. Heating WPI resulted in the unfolding of protein and exposure of 
peptide bonds, which were susceptible to pepsin cleavage.  Protein that remained in 
its native state after heating was very resistant to pepsin. With the high pepsin to 
protein ratio used in this work, the majority of the denatured protein was broken down 
to smaller peptides within 2 min, showing several intensive peptide bands on SDS-
PAGE (Figure 32, lane 4). Only light β-lg band was observed, corresponding to the β-
lg remaining in its native state after heating. The unchanged β-lg band during further 
digestion was consistent with previous reports, indicative of the resistance of native β-
lg to pepsin digestion.  The most intense peptide bands were observed at 2 min, and 
they became lighter along the digestion since they were degraded into peptides with 
lower molecular masses or even amino acids, which could not be shown on the gel. 
As the digestion time was increased up to 1 h, only faint bands of peptides were 
detected.  
For WPI–xanthan gum and WPI–carrageenan, which formed intragastric gel with 
high biopolymer ratio, the digestion pattern of protein was significantly affected by its 
biopolymer ratio. As stated previously, samples with lowest biopolymer ratio (0.01) 
did not gel when mixed with SGF. The digestion pattern of these samples was very 
similar to the one with guar gum, indicating that addition of xanthan gum or 
carrageenan at lowest biopolymer ratio did not affect the digestibility of protein 
(Figure 33 A and 34 A). Although increasing biopolymer ratio to 0.02 led to gel-like 
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structure formation as shown by its rheological properties, such weak gel was 
degraded by SGF very fast. From our visual observation, gels were all dissolved in the 
SGF within 2 min of digestion; from the SDS-PAGE, it can be seen that the 
proteolysis of protein was the same as the one with biopolymer ratio of 0.01 (Figure 
33 B and 34 B).  
 
 
Figure 32. SDS-PAGE profile of in vitro digestion of WPI–guar gum with different 
guar gum to WPI weight ratio: (A) 0.01; (B) 0.02; (C) 0.05; (D) 0.1; lane 1, standard 
marker; 2, WPI; 3, pepsin; 4 – 9, digested for 2, 5, 10, 20, 30, and 60 min. 
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Figure 33. SDS-PAGE profile of in vitro digestion of WPI–xanthan gum with 
different xanthan gum to WPI weight ratio: (A) 0.01; (B) 0.02; (C) 0.05; (D) 0.1; lane 
1, standard marker; 2, WPI; 3, pepsin; 4 – 9, digested for 2, 5, 10, 20, 30, and 60 min. 
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Figure 34. SDS-PAGE profile of in vitro digestion of WPI–carrageenan with different 
carrageenan to WPI weight ratio: (A) 0.01; (B) 0.02; (C) 0.05; (D) 0.1; lane 1, 
standard marker; 2, WPI; 3, pepsin; 4 – 9, digested for 2, 5, 10, 20, 30, and 60 min. 
Higher biopolymer ratio remarkably reduced the degradation rate of protein. For 
WPI–xanthan gum at biopolymer ratio of 0.05 and 0.1, the intensity of the bands 
shown at 2 min digestion was much weaker compared to the one with lower 
biopolymer ratio. The decrease in the intensity of the peptide bands was observed 
along the digestion up to 1 h, which was consistent with the results from weight 
change, indicating the decreased digestion rate over time. In contrast, there seems to 
be a slight increase in the band intensity with time for WPI–carrageenan having 
biopolymer ratios of 0.05 and 0.1. Interestingly, although WPI–xanthan gum showed 
higher weight remaining than WPI–carrageenan through digestion, the peptide bands 
shown on WPI–carrageenan were much less intense. This suggests that WPI-xanthan 
gel absorbed larger amount of water (higher degree of swelling) but the protein was 
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digested faster. On the other hand, WPI–carrageenan gel absorbed less amount of 
water than WPI–carrageenan, probably due to its compact and dense gel network and 
was digested slower.  
7.3.2.3 Microstructure 
WPI–xanthan gum and WPI–carrageenan with highest biopolymer ratio was chosen 
as the examples to reveal the initial gel microstructures and the microstructure of the 
gel after digestion (Figure 35). The spherical particles shown on SEM images are 
protein aggregates, while the fibril filaments were polysaccharides. Figure 35 a and c 
shows the initial gel microstructure of WPI-xanthan gum and WPI-carrageenan, 
respectively. WPI–xanthan gum gel consisted of filamentous network where protein 
aggregates tended to form clusters and seemed to interact with the filamentous 
network. WPI–carrageenan gel exhibited microstructural features that were 
significantly different from WPI–xanthan gum. No clear sign of carrageenan was 
visible on the gel; however, some of the protein aggregates were assembled in linear 
shape, indicating that carrageenan was buried in the protein aggregates. Furthermore, 
protein aggregates in WPI–carrageenan gels formed much larger clusters than WPI–
xanthan gum, likely because of the stronger attraction between protein aggregates and 
carrageenan.  
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Figure 35. SEM images of WPI–xanthan gum (a and b) and WPI–carrageenan (c and 
d) 0.1 weight ratio) immediately mixed with SGF (a and c) and after 1 h digestion (b 
and d). 
For both WPI–xanthan gum and WPI–carrageenan gels digested for 1 h, the protein 
aggregates that attached onto the polysaccharides were partially broken down and 
more filaments were exposed on the surface of the gel (Figure 35 b and d). From our 
visual observation, the gel pieces were getting smaller and smaller during digestion. 
This is because protein was gradually removed from the gel network by the activity of 
pepsin. Without the attached protein, polysaccharides were eventually dissolved into 
the digestion medium, resulting in the decrease in the gel size.  
2 μm 2 μm 
2 μm 2 μm 
(a) (b) 
(c) (d) 
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The microstructure of the gel also explained the different swelling ratio observed 
between the two gels. Although protein aggregates and carrageenan were strongly 
associated in the local area, the overall feature of WPI–carrageenan gel show large 
pore size. WPI–xanthan gum gel has lower density of protein aggregates and much 
smaller pores evenly distributed in the gel network, which tends to hold more water, 
resulting in higher swelling ratio during dissolution.  
7.4 Discussion 
The results from dissolution experiment clearly showed that the digestion of protein in 
the presence of neutral polysaccharides, which did not form intragastric gel, was not 
affected by the addition of the polysaccharides. On the contrary, addition of 
negatively charged polysaccharides could significantly slow the digestion rate of 
protein by intragastric gelation, depending on the biopolymer ratio of polysaccharides 
to protein. Guar gum, as a neural polysaccharide, has very limited interaction with 
protein during heating at neutral pH. When mixed with SGF, the two macromolecules 
remained co-soluble and did not interact with each other. The presence of guar gum 
during gastric digestion did not influence the accessibility of pepsin to susceptible 
peptide bonds of protein, hence, the digestibility of the protein was not affected by the 
concentration of guar gum. 
Negatively charged xanthan gum and carrageenan also had very limited interaction 
with protein during heating at neutral pH due to the repulsion between biopolymers, 
however, positively charged protein associated with negatively charged 
polysaccharides upon mixing with SGF. Although it has been reported that negatively 
charged polysaccharides could decrease protein digestibility by interaction with some 
protein molecules (Nacer S and others 2004; Mouécoucou and others 2003; Polovic 
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and others 2007), the proteolysis of protein was not affected by the polysaccharides in 
this study, probably due to the high pepsin to protein ratio used, which rapidly 
degraded protein within 2 min. Even though protein and polysaccharides formed lump 
at biopolymer ratio of 0.02, it was disassociated by physical movement and high 
concentration of pepsin within 2 min of dissolution. At higher biopolymer ratios, 
when there were enough polysaccharides to associate with protein molecules and 
form cross-linked network, the accessibility of peptide bonds on protein was 
significantly reduced. The majority of the protein was buried inside the gel network, 
and only the protein on the surface of the gel was accessible to pepsin. It is also 
possible that the susceptibility of the protein on the gel surface could be reduced due 
to the interaction with polysaccharides.  
The digestibility of the intragastric gel was affected by the strength of the gel. Gel 
with higher strength usually indicates higher degree of association between protein 
and polysaccharides. The nature of the association is mainly driven by the 
electrostatic attraction between oppositely charged biopolymers, which could limit the 
accessibility of the peptide bond to proteolysis. Therefore, higher charged 
polysaccharides are expected to have higher degree of interaction with protein which 
resulted in stronger gel formation and less number of accessible sites for pepsin, 
leading to slower digestion rate of protein. At the same biopolymer ratio, gels with 
xanthan gum are weaker than the one with carrageenan; correspondingly, more 
peptides were detected during the digestion of gels with xanthan gum. In addition, in 
samples containing lower charged polysaccharides, there might be more dissociative 
protein that was not involved in the intragastric gelation than in samples with higher 
charged polysaccharides. These protein molecules are very easy to be digested by 
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pepsin. This could be the reason that more peptides were detected at 2 min of 
digestion for WPI–xanthan gum.  
The results obtained in this study indicate that intragastric gelation can be controlled 
by variations in the types of polysaccharides and the biopolymer ratio of 
polysaccharides to protein. Manipulation of the protein and polysaccharide mixture 
could be potentially used to promote satiety. Polysaccharides have been widely used 
in the food industry as thickener, stabilizer and emulsifier to modify the viscosity, 
texture, and mouth-feel of food. The presence of negatively charged polysaccharides, 
not restricted to xanthan gum and carrageenan, in protein-containing meals could lead 
to extensive coalescence, flocculation or gelation with proteins in the stomach. 
Several studies indicated that the physicochemical properties of the meal have a great 
effect on satiety, and meals containing solids typically induced greater satiety than 
liquid meals with equivalent size and energy content (Hoad and others 2004; Marciani 
and others 2001). Therefore, one would expect that the gelation in the stomach could 
result in a slower initial emptying of the stomach, which will then be sensed as 
prolonged feeling of fullness. However, the formation of intragastric gel and gel 
strength will depend upon the physiologic conditions, e.g. rate of acidification, 
presence of other biopolymers, and ionic concentration. Whether the intragastric 
gelation could enhance the feeling of fullness in vivo is the subject of ongoing study 
in our lab.  
7.5 Summary 
Effect of polysaccharides with different charge density on intragastric gelation of 
WPI–polysaccharides under simulated gastric conditions has been investigated. The 
mechanism behind intragastric gelation is believed to be the cross-linking between 
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positively charged protein and negatively charged polysaccharides due to the 
electrostatic attraction occurred when pH was reduced to below the pI of the protein. 
Guar gum, as a neutral polysaccharide, has limited interaction with protein; hence, the 
biopolymers remained co-soluble upon mixing with SGF, while samples containing 
negatively charged xanthan gum and carrageenan formed could intragastric gel 
depending on the biopolymer ratio. At low biopolymer ratio (0.01), no gelation was 
observed and digestibility of protein was not affected by the presence of the 
polysaccharides. Higher biopolymer ratio led to extensive intragastric gelation, which 
significantly slowed down the digestion rate of protein. Intragastric gel with lower 
charged xanthan had higher degree of swelling but was digested faster compared to 
that with higher charged carrageenan.  Higher degree of interactions between WPI 
and highly charged carrageenan led to denser intragastric gel with slowest digestion 
rate.  
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CHAPTER 8 
PH-TRIGGERED INTRAGASTRIC GELATION OF WHEY 
PROTEIN/ALGINATE AND ITS IMPACT ON SUGAR RELEASE 
8.1 Introduction 
Protein digestion is highly influenced by gastric conditions, physical properties of the 
protein, protein structures, and the presence of other food components in the matrix. 
Dairy protein beverages usually contain different kinds of polysaccharides, such as 
pectin, cellulose, and guar gum as stabilizers and thickeners. Some studies showed 
that the presence of polysaccharides decreased pepsin hydrolysis of β-lactoglobulin, 
probably due to the local protein/polysaccharide interaction, which reduced the 
accessibility of protein cleavage sites to pepsin (Peyron and others 2006). However, 
the effect of polysaccharides on protein digestion under gastrointestinal conditions has 
not been fully understood. Furthermore, literatures investigating the effect of 
polysaccharides on the digestion pattern of protein often used diluted systems, which 
might overlook the intragastric gelation properties of the mixture.  
In the last two chapters, we showed that intragastric gelation formed when mixed 
whey protein isolate and pectin solution was added into simulated gastric fluid. The 
mechanism behind intragastric gelation is believed to be the cross-linking between 
positively charged residues on protein and negatively charged pectin when pH was 
changed from near neutral to acidic under simulated gastric conditions. The 
intragastric gelation significantly slowed the degradation of protein, and might 
potentially be used to slow gastric emptying and induce satiety. Although some 
dietary fibers are able to from intragastric gel at certain concentrations, producing 
large volume to prolong gastric emptying, it usually has adverse effect on the sensory 
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quality of the food (Hoad and others 2004). Our approach, using mixture of protein 
and dietary fiber that responds by self-structuring to the pH conditions experienced 
inside the stomach, may well control the rate of food digestion without an adverse 
effect on the enjoyment of food. The transformation of liquid (e.g., beverages) to 
intragastric gel would result in longer transit time in the stomach than regular liquid, 
thus it is highly possible that the nutrients entrapped inside the intragastric gel would 
need longer time to reach the small intestine (Hur and others 2011). It has been 
suggested that self-structure of food in the gastrointestinal (GI) tract could slow both 
digestive processes and stomach emptying, thus has a major impact on the obesity 
problem (Norton and others 2007). 
Reduction of dietary glycemic response has been proposed as a means to reduce the 
risk of diabetes and coronary heart disease (Livesey and others 2008). Increasing 
dietary fiber intake is now recognized as an effective strategy to reduce postprandial 
glycaemia and enhance insulin sensitivity (Paquet and others 2014). The effect of 
dietary fiber on glycemic response depends on its capacity to develop viscosity 
(Juvonen and others 2009; Vuksan and others 2009b). Ingestion of fiber could slow 
the rate of gastric emptying and decrease the absorption of glucose in the lumen of the 
small intestine. Fiber-enriched beverages has been suggested as a good vector for 
fiber intake because fiber has already been hydrated before ingestion as compared to 
solid meal, leading to higher viscosity development (Dikeman and Fahey Jr 2006). As 
previously stated, the fiber-enriched protein beverage that we developed immediately 
formed gel under gastric conditions by self-structuring. Such intragastric gelation 
might offer a more effective approach to reduce glycemic response compared to 
viscosity development effect, because solid foods usually take longer time to be 
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digested than liquid foods in the GI tract, which might delay the absorption of 
glucose. 
The hypothesis of this study was that sugar in the fiber-enriched protein beverage 
would be entrapped in the gel network upon intragastric gelation, and then along with 
the degradation of the gel, sugar would be slowly released from the gel matrix. 
Furthermore, intragastric gels with different gel properties might have different gel 
degradation rate, which could further affect their sugar release profile. Accordingly, 
whey protein/alginate with addition of sucrose was chosen as a model beverage 
system, and beverages with different protein to alginate ratio and biopolymer 
concentrations were prepared to obtain intragastric gel with different gel properties. 
The gastric behavior and sugar release profile of the beverages were investigated.  
8.2 Materials and Methods 
8.2.1 Materials 
Whey protein isolate (WPI) was kindly donated by Davisco Food International 
(BiPro, Le Sueur, MN). As stated by the manufacturer, the powdered WPI was 
constituted of 97.9 wt% protein, 2.1 wt% ash, and 0.3 wt% fat (dry weight basis) and 
4.7 wt% moisture (wet weight basis). Alginate was provided by Danisco (Brabrand, 
Denmark). Sucrose was purchased from Fisher Scientific (Fair Lawn, New Jersey). 
Pepsin with enzyme activity higher than 250 units was obtained from Sigma-Aldrich 
(St. Louis, MO). Unless otherwise stated, all of the chemicals used were of analytical 
grade. 
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8.2.2 WPI/alginate preparation 
Whey protein stock solution (10% w/w) and alginate stock solution were prepared by 
dissolving powders in Millipore water (18.2 MΩ) with continuous stirring for 2 h at 
ambient temperature. Protein and alginate stock solutions were then kept in the 
refrigerator (4 oC) overnight for complete hydration. Stock solutions of WPI and 
alginate were mixed to obtain 5% w/w protein, alginate at 0.01 to 0.05 alginate to 
WPI weight ratio, 10% w/w sucrose, and at pH 7.0. The mixtures were gently mixed 
before being heated in a temperature-controlled water bath at 85 oC for 30 min and 
cooled using running tap water. 
8.2.3 Dissolution Experiments 
Dissolution experiments were performed according to Pharmacopoeia official 
methods using Bio-Dis reciprocating cylinder apparatus 3 (Agilent Technologies, 
Santa Clara, CA). A digitally controlled water circulation/heater was used to maintain 
the temperature of the dissolution media at 37 ± 0.5 oC. Simulated gastric fluid (SGF) 
consisted of 0.034 M NaCl, and 3.2 mg/g pepsin, and the pH was adjusted at 1.2, 2.0, 
3.0, and 4.0. Pepsin solution was prepared freshly for each assay by dissolving pepsin 
in SGF by vortexing several times over a period of 5 min. The dissolution 
experiments were performed at a reciprocating rate of 20 dips per minute (dpm) using 
mesh screens of 405 µm mesh size. The dissolution outer tubes were filled with 78 
mL of dissolution media, and 10 g of WPI/alginate mixture was added in the inner 
tube. The ratio of pepsin to WPI was 1:2 on a weight basis. Samples (2 mL) for 
sucrose analysis were taken manually from the outer tube at time intervals of 2, 5, 10, 
20, 30, and 60 min and replenished with 2 mL of fresh dissolution media. In order to 
control sampling time, the inner tube was positioned above the dissolution media for 
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0.5 min during sampling. The pH of the samples was adjusted to 7.5 using sodium 
hydroxide (1 N and 0.1 N) in order to activate the enzyme, and DI water was added to 
adjust the total volume of the sample to 2.5 mL.  
8.2.4 Rheological properties 
Rheological properties of mixed WPI/alginate and SGF were measured on a Kinexus 
rheometer (Malvern Instruments Ltd., Worcestershire, United Kingdom) with a upper 
plate geometry (20 mm diameter). We used a syringe to inject 2.5 mL of WPI/alginate 
solution to 5 mL SGF in a 10 mL beaker to form a cylindrical gel piece with 20 mm 
diameter. The gel was left in the SGF overnight before rheological measurement in 
order to obtain pH equilibrium. The next day, gel was cut into a cylinder shape with 2 
mm height and placed on the lower plate of the rheometer. A gap of 2 mm was used 
and samples were evenly distributed over the entire surface area of the plate. The 
elastic modulus (G′) and viscous modulus (G″) was monitored in the pre-determined 
linear viscoelastic region (0.5% strain) at a constant frequency of 1 Hz and 25 oC. A 
strain sweep test was performed subsequently to check that measurements have been 
done within the linearity limits of the viscoelastic behavior. 
8.2.5 Particle size measurement 
For WPI/alginate samples that remained as liquid, the aggregation of whey protein 
and alginate after mixing with SGF was measured by DLS using the Zetasizer Nano 
ZS (Malvern Instruments Ltd., Malvern, UK) equipped with 633 nm laser and 173o 
detection optics. Because the aggregation was induced by the low pH of SGF, no 
pepsin was added in the SGF for particle size measurement. Samples before mixing 
with SGF was diluted to a final protein concentration of 0.3% for particle size 
measurement. For particle size after mixing with SGF, 1 g of sample was added to 7.8 
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g SGF, and then water was added to dilute to a final protein concentration of 0.3%. 
During the measurement, the laser light was directed and focused on the cuvette with 
1.2 mL sample solutions. For each sample, three measurements were conducted with 
at least 12 runs and each run lasted for 10 s. All experiments were replicated.  
8.2.6 Scanning electron microscopy (SEM) 
For samples that gelled immediately when mixing with SGF, a small piece of the gel 
was taken out and the microstructure of the gel was observed under SEM. The gel 
specimen was fixed in 2% glutaraldehyde 2% paraformaldehyde/0.1 M sodium 
cacodylate buffer solution at 4 oC overnight, followed by rinsing in 0.1 M sodium 
cacodylate buffer for three times (15 min each). Washed gel specimen was dehydrated 
in a series of aqueous ethanol solutions ranging from 30% to 100%. Dehydrated 
specimen was critical point dried, mounted on aluminium stubs and coated with 10 
nm of platinum using a Sputter Coater (EMS575X, Electron Microscopy Sciences, 
Hatfield, PA). SEM studies were carried out using a FEI Quanta 600 F (FEI 
Company, Hillsboro, OR) extended vacuum scanning electron microscope. In all 
cases, acceleration voltage of 10 kV was used. Digital micrographs, acquired at 
magnification ranging between × 3000 and × 50000 were captured. 
8.2.7 Sucrose release profile 
The samples that were taken out during dissolution experiment were filtered through a 
0.45 µm filter (PVDF, Millipore Corporation, Bedford, MA) before HPLC 
measurement. HPLC analysis was performed on a Bio-Rad Aminex HPX-87H ion 
exclusion column attached to a Perkin Elmer LC pump system (Series 410, Waltham, 
Massachusetts). The mobile phase was 0.045 N H2SO4 and 6% acetonitrile in HPLC 
grade water. Sample injection volume was 20 µL, flow rate was 0.5 mL/min, and 
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separation was performed at 55oC column temperature for 30 min. The RI detector 
(RID-6A, Shimadzu) was used as a concentration detector. In order to check the 
reproducibility of the HPLC measurements, each sample was measured twice. The 
analysis of sucrose was performed in duplicate batches. Calibration curve was 
established from duplicate determinations of standard samples at six different 
concentrations. 
8.3 Results 
8.3.1 Effect of SGF pH on gastric behavior 
Similar to our previous finding, whey protein/polysaccharide solution immediately 
formed gel when mixed with SGF at pH 1.2. However, the pH of human stomach 
fluid usually around 1 – 3, and when there are foods in the stomach the pH can 
increase to 4 – 5. Hence, in this study, the pH of SGF was prepared from 1.2 to 4 to 
investigate the effect of SGF pH on gastric behavior of WPI/alginate. As shown on 
Figure 36 a, intragastric gelation was observed at pH 1.2 and 2.0, while no gelation 
occurred at pH 3.0 and 4.0.  Rheological properties of WPI/alginate before and after 
mixing with SGF were measured (Figure 36 b). At SGF pH 1.2 and 2.0, the storage 
modulus, G′, was dominant over the loss modulus, G″, indicating a gel-like material 
response, while at SGF pH 3.0 and 4.0, G″ was dominant over G′, indicating no gel 
formation. 
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Figure 36. (a) intragastric gelation of WPI/alginate when they were added to 
simulated gastric fluid at pH 1.2, 2.0, 3.0 and 4.0; (b) elastic modulus (Gʹ) (solid) and 
viscous modulus (Gʺ) (empty) of intragastric gel formed by WPI/alginate  mixed with 
SGF at pH 1.2, 2.0, 3.0 and 4.0. 
The mechanism behind intragastric gelation is believed to be the cross-linking 
between negatively charged polysaccharides and positively charged protein when pH 
was changed from neutral to acidic. Although pH 3.0 and 4.0 was lower than the pI of 
protein, and protein underwent from negatively charged to positively charged, there 
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were not enough positively charges on protein molecules to associate with alginate to 
the extent that the inter-biopolymer attraction led to gel formation. When the pH of 
SGF reduced to 1.2 and 2.0, there were enough positively charged residues on protein 
to cross-link with negatively charged alginate to form gel. 
8.3.2 Effect of biopolymer ratio 
WPI (5% w/w) and alginate at a ratios ranging from 0.01 to 0.05 were mixed with 
SGF at pH 1.2 in the test tube to reveal the gastric behavior of the biopolymers 
(Figure 37 a). No intragastric gel was observed at biopolymer ratio of 0.01. Increasing 
biopolymer ratio to 0.02 led to the formation of lumps in SGF, but these lumps 
quickly dissolved when he tube was shaken. Further increasing biopolymer ratio to 
0.05 resulted in extensive gelation immediately after mixing with SGF. It should be 
noted that no gelation occurred when WPI or alginate alone was mixed with SGF. 
Rheological properties of WPI–alginate after mixing with SGF were measured 
(Figure 37 b). At biopolymer ratio of 0.01 and 0.02, the loss modulus, G″, was 
dominant over the storage modulus, G′, indicating no gel formation, while at 
biopolymer ratio of 0.05, G′ was dominant over G″, indicating a gel-like material 
response. 
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Figure 37. (a) intragastric gelation of WPI/alginate at alginate to whey protein ratio at 
0.01, 0.02, and 0.05; (b) elastic modulus (Gʹ) (solid) and viscous modulus (Gʺ) 
(empty) of intragastric gel formed by WPI/alginate  at alginate to whey protein ratio at 
0.01, 0.02, and 0.05. 
For samples at ratio of 0.01 and 0.02 that did not form gel, particle size of the sample 
before and after mixing with SGF was measure to show the aggregation between 
protein and alginate (Figure 38 a and b). Heated WPI and alginate at ratio of 0.01 and 
0.02 had average aggregate diameters of 65.08 nm and 75.27 nm, respectively. When 
mixed with SGF, WPI/alginate at 0.01 ratio showed large aggregates formation with 
average diameter of 370 nm for samples at ratio of 0.01, while additional larger peaks 
was observed with average diameter around 3500 nm for samples at 0.02 ratio. 
Charge reversal occurred when WPI/alginate samples were added to SGF since pH 
changed from neutral to acidic, which led to the attractive association between protein 
aggregates and alginate, resulting in large particle formation. Since there are more 
alginate molecules available at ratio of 0.02, larger particles were formed compared to 
ratio of 0.01. When there are enough alginate molecules to associate with protein to 
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the extent that such association led to gel network formation, samples immediately 
gelled when mixing with SGF. Scanning electron microscopy was used to monitor the 
microstructure of the gel (Figure 3 c). The spherical particles shown on the image are 
whey protein aggregates. Although no fibril alginate was visible, the protein 
aggregates were assembled in linear shape, indicating that alginate was buried inside 
the protein network.  
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Figure 38. Particle size distribution of WPI/alginate before (solid) and after (empty) 
mixing with SGF for samples at alginate to whey protein ratio at 0.01 (a) and 0.02 (b); 
(c) scanning electron microscopy of samples at alginate to whey protein ratio at 0.05. 
 
Figure 39 shows sucrose release profile during digestion. Since samples with low 
biopolymer ratio (0.01 and 0.02) dissolved in SGF immediately, sucrose content kept 
constant from the beginning until the end of the digestion. However, almost all of the 
sucrose was trapped inside the gel network, and only 1.87% of sucrose was detected 
for samples with highest biopolymer ratio upon mixing with SGF due to the 
intragastric gelation. Even though the gels could not be fully digested within 1 h, 
sucrose was completely released in 20 min, indicating that sucrose diffused from the 
gel matrix as gel was immersed in the gastric fluid. Considering such high pepsin to 
protein ratio used in this study, which would result in much higher digestion rate of 
the intragastric gel than an in-vivo environment, the actual sugar release rate in human 
stomach could be even slower. This clearly suggests that formation of intragastric gel 
could potentially prevent the “spike” of blood sugar, thus protein beverages can be 
formulated to have a slow and sustained release sugar properties. 
1 µm 
 (c) 
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Figure 39. Sucrose release profile of samples at alginate to whey protein ratio of 0.01 
(●), 0.02 (■), and 0.05 (▲).  
8.3.3 Effect of biopolymer concentration 
The mechanism behind intragastric gelation is the cross-linking between the 
positively charged residues on protein and negatively charged alginate when pH was 
changed from neutral to acidic upon mixing with SGF. Hence, it is highly possible 
that samples with different biopolymer concentration would lead to the formation of 
intragastric gel with different gel strength, which might further affect the degradation 
rate of the gel, resulting in different sucrose release profile. Because only samples at 
ratio of 0.05 formed intragastric gel, this ratio was chosen to investigate the effect of 
biopolymer concentration on gastric behavior and sucrose release profile.  
Figure 40 a shows the gastric behavior of WPI/alginate at protein concentration of 
3%, 5% and 7%. All samples formed gels as soon as being mixed with SGF. 
Rheological properties of the gels also showed gel-like response for all of the samples 
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(Figure 40 b). Furthermore, gels with higher biopolymer concentration showed higher 
elastic modulus, indicating harder gels were formed.  
 
                                             
 
 
                 
 
Figure 40. (a) intragastric gelation of WPI/alginate at protein concentration of 3%, 
5%, and 7%; (b) elastic modulus (Gʹ) (solid) and viscous modulus (Gʺ) (empty) of 
intragastric gel formed by WPI/alginate  at protein concentration of 3%, 5%, and 7%. 
The sugar release profile of these samples during digestion was shown in Figure 41. 
No significant difference of sucrose concentration were found between 3% and 5% 
samples in the first 2 min, however, 5% samples showed lower sucrose concentration 
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between 2 to 10 min. All of the sucrose was completely released from the gel after 20 
min for these two samples. Samples having 7% protein showed much slower release 
rate of sucrose compared to the other two samples, especially in the first 10 min. It 
appears that some sucrose still remained in the gel matrix after 1 h. 
                                           
 
Figure 41. Sucrose release profile of samples at whey protein concentration of 3% 
(●), 5% (■), and 7% (▲). 
8.4 Discussion 
In the present study, dissolution experiments were used to mimic the digestion with 
the ratio of 1:2 pepsin/WPI on a weight basis. For the actual digestion in human 
stomach, the daily pepsin secretion in adults is 20 – 30 kU of enzyme activity at 37 
oC, equivalent to 1:7500 pepsin /protein ratio (Hur and others 2011). Even if 
considering the increased rate of secretion after food intake, the pepsin used in this 
work is much higher than the actual physiological conditions. Therefore, it is highly 
possible that the degradation of these beverages in-vivo will be much slower than that 
under simulated gastric conditions. 
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One of the limitations of this work is that our in-vitro model used only considers the 
biochemistry of the gut, and it is becoming increasingly clear that the GI processing 
plays an equally important role (Wickham and others 2009). The static model used in 
this work could lead to different gastric phenomenon from that in real stomach. For 
example, food ingestion could induce 10 to 50 mL/min rate of secretion of gastric 
juice, decreasing the pH to less than 3 within 1 h. Hence, even though the pH of the 
stomach fluid is higher than 3 after food ingestion, the immediate secretion of gastric 
juice might still result in intragastric gelation of the beverage. In vivo imaging of the 
gastric behavior of foods is needed in future studies to determine the formation of 
intragastric gel under various physiological conditions, such as ingestion of the 
beverage before meal vs. after meal.  
The current approach to enhance satiety of beverage is mainly by viscosity 
development, although the role of viscosity in mediating physiological responses in 
relation to appetite regulation has not been firmly established (Kristensen and Jensen 
2011). It has been reported that food with higher viscosity resulted in lower ad libitum 
food intake (Zijlstra and others 2007; Vuksan and others 2009a). Other studies 
showed that viscosity of food markedly affect short-term postprandial hormone but 
not sensations of appetite or the subsequent energy intake (Juvonen and others 2009); 
no clear effect of viscosity on GI hormones was observed (Zijlstra and others 2009). 
This study offers a novel approach to slow gastric emptying after ingestion of 
beverage by self-structuring inside the stomach. The in-situ gel formation could 
enhance satiety without adverse effect on the enjoyment of the beverage. However, 
further clinical trial is needed to investigate the contribution of intragastric gelation to 
appetite control in both short and long term. 
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Alginate is widely used as thickeners, stabilizers and gelling agent. It can undergo sol 
to gel transition in the presence of multivalent cations or if the pH of the solution is 
lowered than its pka value. The in-situ gel formation has been utilized to enhance 
satiety or to control drug release in a sustained manner (Nagarwal and Pandit 2008; 
Hoad and others 2004). However, it is not very practical to use alginate alone in food 
for satiety and drug release control purpose. Addition of alginate in whey protein 
beverage is a much more practical approach to enhance its satiety properties. Firstly, 
addition of alginate increases the viscosity of protein beverage, which might increase 
the expected satiety. Studies have shown that expected satiation of foods increases 
consistently with increasing thickness (McCrickerd and others 2012; Hogenkamp and 
others 2011; Tárrega and others 2014). Secondly, the spontaneous gelation when the 
beverage reaches the stomach would slow the digestive processes and gastric 
emptying, and thus enhance satiety. 
In liquid foods, the ability of dietary fibers to modulate postprandial glucose and 
insulin metabolism has been related to their viscosity (Dikeman and Fahey Jr 2006; 
Paquin and others 2012). Highly significant negative correlation between postprandial 
glucose response and viscosity has been observed in fiber-fortified glucose solutions 
(Jenkins and others 1995). In solid foods, dietary fibers have been utilized to reduce 
postprandial glucose response by regulating the rate and extent of starch degradation 
(Regand and others 2011). Studies using dietary fiber-enriched ready-to-eat extruded 
snacks showed that addition of 15% fiber significantly reduced both the in vitro and in 
vivo postprandial glucose responses of products compared to a control snack product 
(Brennan and others 2012). In this study, in vitro slow release of sugar was observed 
upon intragastric gelation due to the entrapment of sugar in the gel network. 
Therefore, we speculate that lower postprandial glycemic response would occur after 
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ingestion of this beverage because the delay of sucrose in GI transition would likely 
slow the rate of degradation and absorption of glucose in the small intestine. 
8.5 Summary 
Whey protein/alginate beverages with addition of sucrose were prepared at different 
protein to alginate ratio and biopolymer concentrations, and their gastric behavior was 
investigated under simulated gastric conditions. Gastric behavior of the beverage was 
found to be dependent on the gastric pH as well as biopolymer ratio. Intragastric 
gelation was only observed at pH lower than 3, and at protein to alginate ratio of 0.05. 
Higher biopolymer concentration resulted in stronger intragastric gel formation. 
Intragastric gelation significantly slowed the release of sucrose from the matrix. 
Intragastric gel with higher gel strength showed slower release rate of sucrose. Hence, 
these results can potentially lead to formulation of whey protein beverage having 
lowered postprandial glycemic response. Future work will investigate similar 
approach in other types of protein and fiber systems.  
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CHAPTER 9 
CONCLUSIONS AND FUTURE RESEARCH 
9.1 Conclusions 
In this dissertation, both functional properties and health benefits of whey protein 
were improved by interaction with polysaccharides. The interaction between protein 
and polysaccharides is usually electrostatic driven, affected by many factors, such as 
pH, biopolymer ratio, biopolymer concentration, and charge density of the 
polysaccharides. Desirable functionality and health benefits of whey protein could be 
obtained by controlling the environmental and processing conditions. 
Whey protein/pectin heated soluble complex was formed by heating the biopolymers 
together at near neutral pH. Heat stability of whey protein was significantly improved 
due to the suppression of protein aggregation. Raman spectroscopy showed that 
changes of secondary structure were reduced compared to heated whey protein alone, 
indicating that pectin is able to stabilize the secondary structure and further alter the 
heat aggregation of protein. Acid-induced gelation of heated soluble complex was 
then performed by addition of GDL to reduce the pH to near the pI of the protein. 
Gelation properties of soluble complex were compared with traditional whey 
protein/pectin mixed system (heated separately and no complex formation). Initial pH 
of the soluble complex and the charge density of pectin have significant impact on 
gelation properties. Overall, complex gel had smoother gel network with significantly 
improved gel strength and water holding capacity due to the enhanced interaction 
between protein and pectin during gelation.  
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In vitro gastric behavior of whey protein/polysaccharide mixture was carried out to 
investigate the effect of biopolymer ratio, biopolymer concentration, pH of the 
mixture, pH of SGF, and charge density of polysaccharides on intragastric gelation. 
Intragastric gelation was observed with negatively charged polysaccharides, high 
biopolymer ratio and low pH of SGF. Higher biopolymer ratio and concentration, 
lower pH of the mixture and SGF, higher charge density of polysaccharides also 
resulted in stronger intragastric gel formation, which showed slower degradation rate 
under simulated gastric conditions. The mechanism behind intragastric gelation is 
believed to be the cross-linking between positively charged proteins and negatively 
charged polysaccharides because of the electrostatic attraction that occurred when pH 
was reduced to below the pI of the protein. Intragastric gelation also led to slow 
release of sugar from matrix, which could be potentially used to formulate protein 
beverage with promoted satiety and lowered postprandial glycemic response.  
9.2 Future research 
For the functional properties of whey protein/polysaccharide heated soluble complex, 
only the effect of pH and charge density of pectin on the acid-induced gelation 
properties were investigated. However, there are a lot of other factors need to be 
investigated. The most important one would be the type of polysaccharides. It is well 
demonstrated that higher charged polysaccharides have higher degree of interaction 
with protein, and sulphated polysaccharides such as carrageenan also interact more 
strongly with protein than carboxylated polysaccharides such as pectin (Doublier and 
others 2000). Therefore, it would be very interesting to compare the effect of different 
polysaccharides on acid-induced gelation properties of whey protein. Furthermore, 
although this dissertation demonstrated the benefits of soluble complex in improve 
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functional properties of whey protein, making fresh soluble complex is not very 
practical for food industry since it is time-consuming and labor-intensive. Hence, 
future studies are needed to make whey protein/polysaccharide heated soluble 
complex as a dry food ingredient, which would facilitate its use in food industry. 
Although numerous drying techniques are available to dry protein solutions, protein 
structure might be altered during drying, resulting in the different physicochemical 
properties of the dried powder compared to the original solutions 
(Anandharamakrishnan and others 2008; Anandharamakrishnan and others 2007; 
Jiang and Nail 1998). Hence, it is necessary to compare different drying techniques 
and investigate the possibility of manufacturing soluble complex powder as a food 
ingredient. 
For the health benefits of whey protein/polysaccharide, only in vitro simulation was 
used to investigate the intragastric gelation of whey protein and polysaccharide 
mixture, and slow degradation rate of the gel was observed. It is known that large 
food particles require longer incubation time in the stomach and move through the 
stomach more slowly than small ones, since they have to be small enough to pass 
through the pylorus valve that separates the stomach and small intestine (Hur and 
others 2011). Liquid/beverage that forms intragastric gels would require longer transit 
time in the stomach than typical liquid/beverage. This sol-gel transformation could 
lead to prolonged feeling of fullness and earlier termination of meal. Hence, it is 
necessary in the future to carry out clinical trials to investigate if intragastric gelation 
could be sensed by human subjects. Modern magnetic resonance imaging technique 
will allow us to monitor the status of ingested meal and the gastric emptying in human. 
On the other hand, although several hypothesis and evidences have been provided, the 
mechanism of satiety effect of whey protein has not been fully explored. It has been 
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proposed that whey protein affects satiation and satiety mainly by the actions of whey 
protein fractions per se, bioactive peptides generated during digestion, and amino-
acids released after digestion (Luhovyy and others 2007). Therefore, the molecular 
mechanism of satiety effect of whey protein/polysaccharide is another possible 
continuation of this dissertation. For example, clinical trials can be carried out to 
monitor the peptide and amino acid release profile in human subjects after ingestion 
of whey protein/polysaccharide beverages. Such results could enhance our 
understanding on the mechanism of how whey protein, polysaccharide, and their 
mixtures promote satiety. 
In summary, the knowledge gained from this study can guide us in developing novel 
protein/polysaccharide ingredient to improve the functional properties of protein, as 
well as developing fiber-enriched high protein beverage to promote satiety and 
control blood sugar level. Future study should focus on using clinical trials to prove 
the health benefits of whey protein/polysaccharide mixed system. 
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